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The increased need for electric power combined with an aging underground cable 
infrastructure in a deregulated market environment have forced utilities to refocus their 
attention on reliability while at the same time reducing maintenance costs as much as 
possible. This has created a significant need for diagnostic methods and technologies to 
assess the condition of the underground cable systems. However, while several cable 
diagnostic technologies are available, they have not all yet been fully accepted in the 
United States. This is because the different technologies lead to different conclusions for 
the same cable system, and thus utilities do not completely trust the conclusions. A better 
understanding of the diagnostic technologies and their correct application is therefore 
required. 
The most widely used diagnostic technologies in the United States include 
dissipation factor (Tan δ) and partial discharge measurements; these tests are therefore, 
the main focus of this thesis; in particular, when applied to underground extruded cable 
systems. The purpose of this research is to advance the field of characterization of power 
cable defects by addressing a number of theoretical and practical diagnostic 
measurements and their interpretation issues. The discussion is based on data from 
laboratory experiments and field tests.  
This thesis consists of two major parts. The first part (Chapters 3 to 5) is devoted 
to the characterization by Tan δ measurements in which the major contribution is a new 
approach for condition assessment using this technology. The second part (Chapters 6 
and 7) is devoted to the work on characterization by partial discharge measurements, and 
the major contribution is a novel approach that is able to analyze, evaluate, and reduce 





INTRODUCTION AND OBJECTIVE OF THE RESEARCH 
1.1 Background 
The increased need for electric power combined with an aging underground cable 
system infrastructure in a deregulated market environment have forced utilities to refocus 
their attention on reliability. This has created a significant need for diagnostic methods 
and technologies to assess the condition of the underground cable systems. 
While several cable diagnostic technologies are available, they have not yet been 
fully employed in the United States. American utilities are conservative entities and there 
are still many unresolved issues concerning the cable diagnostic methods and 
technologies. Utilities often report that diagnostic testing results are inconclusive, 
confusing, and that condition assessments sometimes do not agree with traditional 
diagnostic evaluation techniques. Many utilities are not convinced that cable diagnostic 
testing methods and technologies are sufficiently accurate to justify the cost of 
conducting these tests. This is further complicated by the fact that no one diagnostic 
technology has proven that is able to reliably and consistently assess the condition of the 
wide variety of cable systems currently in service. Therefore, in an effort to advance the 
area of power cable diagnostics, the National Electric Energy Testing Research and 
Applications Center (NEETRAC) launched the Cable Diagnostics Focus Initiative 
Project (CDFI) in February 2005. 
The intent of the initiative is to provide cable diagnostic technology assessment 
and development via a series of projects designed by the NEETRAC and Georgia Tech 
research team, with technical advice from the initiative participants. The CDFI project is 
designed to bring together utilities, cable diagnostic providers, and other interested 
parties such as the United States Department of Energy (DoE), for the purpose of 
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assessing and enhancing technologies used to diagnose the condition of underground 
medium voltage (MV) power cable systems.  
The research presented in this thesis is part of the CDFI project and deals with the 
characterization of real power cable defects by diagnostic measurements commonly used 
in the United States. 
1.2 Problem Statement 
Electrical insulation is one of the more important parts for any high voltage power 
system component. The quality of the insulation plays an important role in determining 
the reliability of the component. In the case of power cables, the insulation quality plays 
the most important role in their reliability. The insulation is designed to contain the 
electric field inside the cable insulation for safe operation during the service life of the 
cable. The insulation should be able to perform its function for a variety of different 
system operating conditions including temperature changes, load cycles, mechanical 
stresses, water ingress, and others. However, even if the insulation fulfills all required 
tests before installation and use, it may not maintain the same operation characteristics 
during the many expected years of service. There may be built-in manufacturing 
imperfections and/or workmanship errors that were not detected during commissioning 
tests. Furthermore, as in any other system, the insulation will experience aging and, 
eventually, degradation that could be quite dissimilar between different service 
conditions. All these could cause premature and unexpected failures; thus, affecting the 
reliability and maintenance costs. 
In the United States, electric power distribution relies on a vast network of 
underground medium voltage cables. The distribution network has a finite life span, and 
at some point utility engineers must decide when to replace these components in order to 
avoid as much as possible unexpected cable failures and the associated costumer outages. 
In the past, corrective maintenance was normally applied, i.e. components were replaced 
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after failure. However nowadays, the deregularization of the electric energy market has 
forced utilities to refocus on the reliability of the aging power distribution cable system 
infrastructure, while at the same time reducing maintenance costs as much as possible. 
Matters are further complicated by the ever increasing need for electrical energy, thus 
leading to higher and higher demands on the existing cable system.  
Consequently, utilities are interested in accurately determining the condition of 
the cable system components, and ultimately their expected remaining life span, before 
initiating permanent maintenance and replacement test programs. The proper application 
of condition based maintenance strategies can avoid unexpected outages and ultimately 
result in substantial savings for utilities. This requires the use of dependable cable 
diagnostic technologies. Nevertheless, while several cable diagnostic technologies are 
available, they have not yet been fully employed across the United States because utilities 
do not completely trust their assessments. This is not a simple problem to overcome since 
it requires a complete understanding of the diagnostic technologies as well as how to best 
apply them. 
1.3 Objective 
The objective of the research is to advance the field of characterization of power 
cable defects by addressing a number of theoretical and practical diagnostic 
measurements and their interpretation issues. The most widely used diagnostics 
technologies in the United States are dissipation factor (Tan δ) and partial discharge 
measurements; therefore, they are the main focus of this research. The discussion is based 
on data from laboratory experiments and field tests of underground distribution medium 
voltage power cable systems. 
1.4 Thesis Outline 
A brief introduction and the objective of this research are described in this 
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Chapter. The rest of the thesis is presented in seven more Chapters in which technical 
discussions, simulation, and experimental results are presented. The final Chapter 
summarizes and concludes the research work, and suggests directions for future research 
work. Each of the following Chapters is briefly described in the following paragraphs. 
Chapter 2 provides the basic concepts of power cable systems and their 
diagnostics. The basic structure and accessories of a power cable system are explained. In 
addition, aging, degradation, and breakdown mechanisms of power cables are presented. 
Chapter 3 presents the basic concepts, means of diagnosis, limitations of Tan δ 
measurements, and a comprehensive literature review on the “state of the art” on 
characterization of power cable defects by Tan δ measurements. More importantly, 
Chapter 3 discusses a number of issues that arise when using Tan δ measurements at very 
low frequency (VLF) to characterize the insulation of non-aged and field-aged MV cable 
systems using data from laboratory experiments and field tests. 
Chapter 4 describes a laboratory test program conducted to investigate the 
correlation between Tan δ diagnostic features and the VLF breakdown performance for 
MV cross-linked polyethylene (XLPE) cables. The Chapter introduces the use of a new 
diagnostic feature that takes into account the scatter in the Tan δ measurements. 
Chapter 5 introduces the basics of low voltage time domain reflectometry (TDR) 
test on power cable systems. The Chapter also presents the Tan δ versus length models. 
Particularly, the most common situations of non-uniform degradation and neutral issues 
are modeled and demonstrated through both theory and experiments. Finally, the Chapter 
discusses a new approach for condition assessment of MV polyethylene (PE) based 
power cable systems using combined diagnostics. The new approach is executed by an 
evaluation procedure that uses diagnostic features management with feature 
categorization and decision organization. 
Chapter 6 provides the basic concepts, means of diagnosis, and limitations of 
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partial discharge measurements. Brief descriptions of the available types of partial 
discharge data, feature extraction, and classification tools, are also provided. A 
comprehensive literature review of the “state of the art” on characterization of power 
cable defects by partial discharge measurements is presented. Moreover, the Chapter 
describes and briefly analyzes laboratory and field partial discharge data that are the basis 
for the analysis and evaluation process of partial discharge diagnostic features presented 
in Chapter 7. 
Chapter 7 presents a process for analysis and evaluation of partial discharge 
diagnostic features. The process allows for the selection of the most relevant diagnostic 
features when the partial discharge data is considered into groups of cable and accessory. 
The process is divided into two portions, i.e. an initial analysis and a final evaluation. 





BASIS OF POWER CABLE SYSTEMS AND DIAGNOSTICS 
2.1 Introduction 
This Chapter introduces the basic concepts of power cable systems and their 
diagnostics. The fundamental structure and accessories of power cables are explained. In 
addition, aging, degradation, and breakdown mechanisms are presented. The Chapter 
finishes with an overview of power cable diagnostics technologies. 
2.2 Basis of Underground Distribution Cable Systems 
Underground distribution cable systems represent a significant investment and are 
a vital part of the power delivery distribution network. In an increasingly competitive and 
deregulated environment, it is essential that utilities maximize the profitability of their 
assets. This requires utilities to have knowledge of power cable systems and their 
diagnostics to make the right decisions about what cable system equipment to purchase 
and to have a general idea of how well it will perform in service, how it ages, degrades, 
and fails, and how it should be diagnosed for repair or replacement. The next sections 
give a brief description of the basics of underground distribution cable systems. 
2.2.1 Distribution Power Cable 
A distribution power cable is designed to carry electric current and withstand a 
certain operating voltage, which together allow it to deliver electric power. In some cases, 
it is simply defined as “a conductor with insulation” [1-2]. The use of distribution power 
cables encompasses a wide variety of applications that mainly include underground, 
underwater, overhead distribution, and electrical machines applications [3]. Generally, 
distribution power cables are described by their type of insulation material, voltage class, 
conductor material, conductor type, conductor size, and sheathing materials.  
 7
2.2.2 Distribution Power Cable Structure and Types 
In the United States, the cable design that is mostly used in distribution systems is 
the single-conductor medium voltage cable. Its basic design has not changed over the last 
100 years, but the improvement in the old and discovery of new materials and 
manufacturing processes have created a variety of types for the different applications. 




Figure 2.1. Cross section of a modern distribution power cable. 
 
 
Figure 2.1 and Figure 2.2 show the cross and longitudinal sections of a modern 
distribution power cable, respectively. Starting from the center of the cable, the cable 
structure is composed of the conductor, conductor shield, insulation, insulation shield, 











The main function of the conductor is to carry the electric current. Typically, it is 
made of copper or aluminum alloys and can be solid or stranded. A stranded conductor 
has more flexibility compared to a solid conductor; the wire strands may be filled with a 
resin to prevent water ingress and then it is called a “filled” conductor. Unfilled 
conductors, on the other hand, simply do not contain resin. It will be seen later that water 
plays an important role in cable degradation and failure mechanisms.  
Copper alloys are about three times denser than aluminum alloys. Therefore, 
copper conductors are three times heavier than aluminum conductors. Lighter cables are 
preferable for installation. Nevertheless, because of the electrical conductivity of both 
materials and for a given current specification, a copper conductor can be two sizes 
smaller than an aluminum conductor. Thus, sizing and material selection of the conductor 
are not easy tasks since the criteria also depend on voltage drop along the cable, 
characteristics of the insulation material, flexibility, cable design, installation method, 
weight, and cost. 
In some situations, the conductor is concentric round, but in other situations the 
conductor is compressed with the idea of providing an even smoother interface at the 




Figure 2.3. Concentric round and compressed round conductors. 
 
 
The conductor size is given by the conductor cross sectional area. In the United 
States, the conductor size is defined by the American Wire Gage (AWG), known also as 
the Brown and Sharpe Gage [4]. The gauge is formed by a geometric progression 
between two consecutive diameters. The largest AWG size is 0000, commonly known as 
4/0, and the smallest is 36, which is approximately 0.0050 in. in diameter. When the 
conductor size is greater than 4/0 AWG, it is given by the cross sectional area in 
thousands of circular mils (MCM), or kcmils. In some situations, MCM is used instead of 
kcmils. One circular mil (cmil) is defined as the area of a solid conductor having a 
diameter of one mil (one thousand of an inch) [1]. In addition, solid conductor types are 
found only up to 1/0 AWG size. 
2.2.2.2 Conductor Shield 
The main function of the conductor shield, or conductor screen, is to provide for a 
smooth interface between the conductor and the insulation. The smooth interface between 
the conductor shield and insulation avoids the presence of sharp points (known as 
protrusions) that could impose high-voltage stress to the insulation. The conductor shield 
and the insulation are chemically bonded. If the conductor shield is not present, electric 
field lines are more concentrated in the sharper edges around the outside perimeter of the 
conductor. As a result, high-voltage stress areas are created between the conductor and 
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the insulation interface. This decreases the life of the cable, as its eventual failure will 
likely be caused by this increased voltage stress. 
The conductor shield is made of a semiconductive material. The semiconductive 
material is specially designed with about 30% to 40% carbon black to meet the required 
conductivity [3] such that the conductor shield and the conductor are at the same potential 
when the cable is energized.  
2.2.2.3 Insulation 
The insulation is capable of withstanding the operating voltage at the operating 
rated temperature, typically from 75° C to 90° C [3, 5]. The insulation can be classified as 
laminated or extruded insulation. The insulation should be clean there should be smooth 
interfaces with the conductor shield and insulation shield to avoid high electrical stresses 
that could cause early insulation failure.  
The first insulation type, laminated insulation, is represented exclusively by Paper 
Insulated Lead Covered (PILC) cables. Layers of impregnated paper are placed on top of 
one another to create the cable insulation. Impregnated paper is the oldest and the most 
widely used material. Generally, the paper is impregnated with oil or gel that has 
dielectric properties suitable for insulation applications. As the impregnator needs to be 
contained within the insulation, the cable typically has a lead sheath. This type of cable 
has been used for over a 100 years and has seen extensive mature testing and evaluation 
procedures developed. Even with these procedures in place, the manufacturing and 
installing of paper cable still requires significant skill.  
The use of PILC cables is declining. This situation is mainly due to environmental 
concerns with the lead cover and the impregnators [3]. In addition, paper cables have 
higher insulation losses and installation and maintenance costs than extruded insulation 
cables [5]. In fact, there has been a closure of paper impregnated manufacturing plants in 
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the last few decades, which in some situations makes PILC cable even difficult to find for 
new installations, maintenance, or repairs [3].  
The second insulation type, extruded insulation, can be classified as thermoplastic 
or thermoset insulation. A thermoplastic melts at a certain temperature and freezes to a 
brittle and glassy state when the temperature is decreased sufficiently. Thermoplastic 
insulation includes polyethylene (PE), which is divided into Low Molecular Weight PE 
(LMWPE) also known as Low Density PE (LDPE), and High Molecular Weight PE 
(HMWPE) also known as High Density (HDPE). On the other hand, a thermoset is a 
polymer that cures to a more durable form because of curing. The curing converts the 
resin into a plastic or rubber using a cross-linking process into a rigid three-dimensional 
molecular structure. The cross-linking process creates a molecule with a larger molecular 
weight, resulting in a material with a higher melting point. In general, a thermoset is 
stronger than thermoplastic because of the three-dimensional molecular structure. 
Thermoset materials can withstand higher temperatures and are not recyclable as are 
thermoplastics [3]. Thermoset insulation includes Cross-linked PE (XLPE), Water Tree 
Retardant XLPE (WTRXLPE) also known as Tree Retardant XLPE (TRXLPE), and 
Ethylene Propylene Rubber (EPR). These are the insulations in popular use today.  
2.2.2.4 Insulation Shield 
The insulation shield, or insulation screen, serves the same function as the 
conductor shield and provides a smooth interface between the insulation and the 
concentric neutral. If the insulation shield is not present, electric field lines will appear 
around outside the cable insulation. The insulation shield assures that the voltage outside 
the cable is at ground potential. In the United States, the insulation shield and the 
insulation are not chemically bonded; in this case, the insulation shield is called a 
strippable shield. Strippable shields facilitate the cutback for terminating and splicing the 
cable [3].  
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The group of the conductor, conductor shield, insulation, and insulation shield is 
known as the cable core. The cable core is designed to keep the electric field inside the 
cable insulation and carry the electric current while dissipating the heat generated by the 
conductor during the useful life of the cable [3]. 
2.2.2.5 Concentric Neutral 
The concentric neutral is placed over the insulation shield to keep the outer part of 
the cable core at ground potential, thus providing protection against accidental contact. It 
is also designed to carry fault currents, stray currents, charging currents, and imbalanced 
currents. The concentric neutral can be replaced by a metallic sheath to accomplish the 
same function. In this situation, the cable is said to be completely shielded. Generally, the 
concentric neutral or metallic sheath have been made of lead, aluminum, or copper in a 
variety of designs that include thin tapes, round wires, and solid or corrugated extruded 
tubes [3].  
Corrosion is a problem for concentric neutrals and metallic sheaths and may occur 
at the interface between the metal and its surroundings. The corrosion is accelerated by 
the presence of water and the related pH of the soil [2].  
The concentric neutral or the metallic sheath must be continuous along the cable 
length and have good contact with the insulation shield to guarantee that the outer area of 
the cable core is at ground potential. The lack of sufficient contact can generate a voltage 
gradient between the insulation shield and concentric neutral or metallic sheath. In this 
situation, electrical discharges could be generated and cause erosion of the insulation 






The jacket, also known as the over-sheath, is a protective covering that may also 
provide additional insulation. The protection could be against mechanical, thermal, or 
chemical stresses. Therefore, it reduces the concentric neutral or metallic sheath 
corrosion as well as the moisture ingress to the cable. It could also be designed to hold a 
metallic armor, wires, or tapes [2-3], enhancing even more the level of protection. 
Typical materials include Polyvinylchloride (PVC), chlorosulfonated PE, PE, LDPE, 
Linear Low Density PE (LLDPE), Medium Density PE (MDPE), HDPE, and nylon [2-3]. 
Variations on the designs previously described are available and are shown in 
Figure 2.4. They include concentric neutral without a jacket, metal clad cable (TECK 
cable) mainly used in mining and industrial applications, shielded cables with copper tape 








2.2.3 Distribution Power Cable and Accessories 
Generally, a single length of cable is not long enough to cover the distance 
between points to which it is desired to distribute the electric power and therefore 
multiple cable lengths are cascade connected. The cable lengths are connected by joints 
or splices. At both ends of the cable lengths, a termination is used to make the transition 
from the underground to the overhead part of the distribution system or to a distribution 
transformer. When the transition is between the cable and a transformer the termination is 
usually known as an elbow termination or, simply, elbow. The joints and terminations are 
commonly known as accessories of the power cable system. The group of cable lengths, 
joints, and terminations are together referred to as a section of the power distribution 
cable system or simply cable segment. 
Cable accessories play an important role in the power cable system insulation 
performance. As part of the power distribution cable system, they can also lead to failure. 
Therefore, the quality of cable accessories should be comparable to the quality of the 
cable itself such that the cable segment experiences uniform performance over time. 
When a segment contains more than one cable insulation type and one or more type of 
cable joints and terminations, the segment is said to be a hybrid. 
2.2.4 Distribution Power Cable History 
Power cables have their origin in the 1880s when the need for power distribution 
cables became evident after the invention of the incandescent light bulb [3, 5]. As urban 
areas grew, it became a necessity to replace some overhead lines with underground 
distribution cables since the number and size of feeders were impossible to accommodate 
using the overhead approach [5]. Impregnated paper insulated power cables were the first 
to be commercialized in 1884 by Callender Cables of England [5]. Medium-voltage PILC 
cables are still in use because of their durability and reliability. For some utilities they 
still constitute a considerable part of their underground distribution network. 
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Cable history from the 1800s to the present has been full of technological 
improvements with the invention of new materials, designs, and manufacturing 
processes; however, it is more relevant to take a closer look at the last 50 years of cable 
history because of the invention of polymeric material-based insulation, and since this 
research deals with some of these old cables. 
Before and during the 1950s, the need for cable designs that were flexible and 
easier to handle for installation, compared to PILC cables, became apparent. Several 
forms of rubber were utilized to accomplish this goal. However in 1933, PE was 
discovered and started to gain acceptance for distribution power cable applications. By 
the 1950s, PE had already gained general acceptance and had replaced almost all 
previous rubber-based designs as well as a considerable percentage of PILC cables [5]. 
Initially, plastic cables manufactured in the United States were made of HMWPE. 
HMWPE has been used since 1951 for distribution voltages up to 35 kV [5] and was first 
introduced as an insulating material for medium-voltage Underground Residential 
Distribution (URD) cables in the late 1960s [4]. In 1963 with the invention of XLPE, 
HMWPE was quickly abandoned since XLPE-insulated conductors could operate at a 
higher temperature than HMWPE. Thus, utilities were able to use a smaller conductor 
size for the same current requirement [5].  
It soon became apparent that PE-based cables were susceptible to a new failure 
mechanism when early cables began failing prematurely when the cables were operating 
in a wet environment, in some cases with less than 10 years of service. Thus, cable 
manufacturers and utilities were challenged to discover the possible causes and to find 
solutions that would give them the required confidence to continue their commitment to 
the underground polymeric insulation cable. It was discovered that these early failures 
were caused by a water-treeing degradation process starting from protrusions in the 
conductor and insulation shields, contaminants in the insulation and shields, or voids in 
the insulation. Water treeing is discussed in more detail in future sections.  
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In the 1980s remarkable advances were made to control water treeing with the 
introduction of a dry curing process for thermosets, super smooth and clean conductor 
and insulation shields, and ultra clean TRXLPE insulation. This new insulation includes 
tree-retardant technology developed to resolve the water treeing problem. It is based on 
two approaches; one is the use of additives and the other involves copolymer technology 
[3-4]. There is no question that tree-retardant technology is an innovation made possible 
by different compound suppliers. As a result, different TRXLPE technologies can be 
expected to have different characteristics and performance under identical service 
conditions [4]. 
In the 1960s, EPR-insulated cables were introduced to the market for voltages up 
to 60 kV [5]. EPR cables have better flexibility than PE-based cables, but they are also 
susceptible to water treeing. Unfortunately, this mechanism is not as well understood in 
EPR cables as it is for XLPE cables. In addition, the dielectric losses of an EPR cable are 
much higher than those of an equivalent XLPE or TRXLPE cable so the use of EPR 
cables above 69 kV for new installations is less desirable [5]. This is also the main reason 
why EPR cables are not used for transmission applications. It is important to mention that 
EPR cables are only extensively used in the United States, South America, and Italy [5].  
Nowadays, the most popular insulation materials are TRXLPE and EPR, but some 
XLPE cables are also used. In the United States most utilities have not yet standardized 
the use of TRXLPE or EPR cables. Nevertheless, it has been shown that for typical URD-
type applications, the advantages of low initial costs as well as the lowest total operating 
costs, such as dielectric losses through the life of the cable, suggest the use of TRXLPE 
over EPR insulation [6]. 
2.2.5 Distribution Power Cable Standards 
Globally, cable standards are established by several organizations. Specifically in 
the United States and Canada, there are the Institute of Electrical and Electronics 
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Engineers (IEEE), the Association of Edison Illuminating Companies (AEIC), the 
American Society of Testing and Materials (ASTM), the Canadian Standards Association 
(CSA), the Canadian Electricity Association (CEA), and the Insulated Cable Engineers 
Association (ICEA). On the international scene, the International Electrotechnical 
Commission (IEC) is the dominant organization. In addition, many utilities have written 
their own standards that have gained international recognition [4, 7]. The standards that 
are available from these organizations cover all cable types, cable designs, cable 
materials, accessories, installation, operation and cable testing and include some 
indications for diagnostics. 
2.2.6 Distribution Power Cable Aging, Degradation and Breakdown 
As any other system, a power cable system ages as time progresses. Aging is 
responsible for changes in insulation properties because of the electrical, thermal, 
mechanical, and environmental stresses applied to the components of the cable system 
with time. An example of aging is the oxidation of the insulating material. In practical 
cases, there may be one or more aging mechanisms that could be dependent on one 
another. The exact path in which the cable system ages, degrades, and fails depends on 
several factors such as voltage, thermal stresses, maintenance, system vintage, cable 
system technology, and environment [8]. With time, the aging mechanisms contribute to 
the degradation process and eventually lead the cable system to failure or breakdown. 
Because the main reason that PILC cables fail is that the outer sheath is cracked or 
corroded, allowing moisture penetration [3, 9], the discussion on this section is mainly 
based on the aging, degradation, and breakdown of cables with extruded polymeric 
insulations. Special attention is given here to XLPE insulation since it represents 35.4% 
of the total installed cable, making it the most common insulation material [10]. In 
addition, as mentioned before, the use of PILC cable is declining; the old HMWPE cable 
is being replaced by new cable, the aging mechanisms of TRXLPE cable are somewhat 
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similar to XLPE cable, and the aging mechanisms for EPR cables are still not as well 
understood as those for XLPE cables. 
Defects in cables with polymeric insulation that can lead to failure are pictorially 
described in Figure 2.5. These defects mainly include protrusions, voids, cracks, 




Figure 2.5. Typical defects found in power cables with polymeric insulation [8]. 
 
 
In addition, typical defects that can evolve into failures in a cable joint with 
extruded insulation are shown in Figure 2.6. Defects including voids, interface discharge 
or tracking between the interfaces of the cable insulation and the joint insulation, and 
knife cuts made during the shield cutback operation are all possible. The same types of 
defects can occur in different joint constructions (taped and pre fabricated) and 
terminations [8]. 
The aging mechanisms for a cable system depend on factors that involve the 
cable, accessories, and operating conditions. Therefore, different cable systems age in 
 19
different ways. The aging, degradation, and breakdown mechanisms are statistical in 
nature [11-12]. Thus, significant variations are expected in how these mechanisms 
develop and evolve with respect to cables and accessories, and even between cable 




Figure 2.6. Typical defects found in cable joints with extruded insulation [8]. 
 
 
2.2.6.1 Physical and Chemical Aging 
In addition to the degradation resulting from the presence of the electric field 
inside the cable insulation, physical and chemical aging play important roles in the 
overall cable system life. Physical and chemical aging are important since they may 
influence the probability of breakdown and may also contribute to electrical aging [12]. 
Physical aging is related to the physical changes occurring in the insulation material with 
time. Physical degradation includes, for example, the diffusion of additives or absorption 
of foreign solvents, causing the cable to swell [12]. 
Chemical aging is due to the appearance of free radicals inside the polymer. Free 
radicals are highly reactive. In other words, they are likely to take part in chemical 
reactions that cause propagating chain scissions or cross-linking network formation in the 
polymer. In the case of XLPE, the chain scission sequence is random in space with free 
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radical transfer between chains [12]. Chemical aging can be initiated by thermal, 
oxidative, ionizing radiation, or mechanical factors [12]. Among these, chemical aging 
resulting from oxidative factors is one of the more important forms of chemical 
degradation, particularly the oxidation caused by heat or thermal oxidation. Oxidation 
can increase the electrical stress and reduce the breakdown strength. Therefore, the 
breakdown statistics may be skewed to the disadvantage of the insulation material. This 
can be prevented by selecting the proper insulation material morphology or through the 
use of chemicals such as antioxidants [12]. 
2.2.6.2 Electrical Aging 
Electrical aging requires the presence of an electric field. The most common 
processes are water tree degradation, electrical tree degradation, and partial discharge 
degradation [12]. Because of the relevance of these degradation processes, they are 
discussed in detail in the next sections. 
2.2.6.3 Water Tree Degradation 
The degradation that can occur inside the bulk polymeric insulation of a 
distribution power cable when it is exposed to moisture and electrical stress is known as 
water treeing. Small tree-shaped defects appear inside the insulation and grow in the 
direction of the electric field. The presence of water trees inside the insulation causes the 
reduction of the electrical breakdown strength of the cable insulation system. Water trees 
are diffused and blurry and give the impression of disappearing upon drying, unlike the 
electrical trees that have distinct hollow channels [13-14]. Figure 2.7 shows two water 
tress that have grown from the insulation shield toward the conductor shield as well as 
trees inside the bulk insulation for an XLPE cable. Note that both water trees have 





Figure 2.7. Water trees for a XLPE cable [15]. 
 
 
Water trees are classified as follows: 
Bow-tie Water Trees: This type of water tree grows from a specific location 
inside the bulk insulation; the location is typically a void, water soluble contaminant, or 
other defect type. Generally, they grow up to several hundred microns [5, 16] and have a 
symmetrical shape that resembles a bow-tie from which they derive their name. In most 
cases, bow-tie water trees do not result in failure. Nevertheless, they have a significant 
role in the reduction of the breakdown strength compared to vented water trees [12]. 
Vented Water Tress: This type of water tree grows from the interfaces between 
the semiconductive shields and the insulation. Vented water trees are considered as the 
primary cause of failure in water treed samples [12-13]. The critical vented trees are 
those that grow from the conductor shield. These trees may be confined to only a small 
portion of the total cable length. However, they can grow quite long, depending on the 
cable design and service conditions. 
Figure 2.8 shows bow-tie and vented water tress for an XLPE cable. Note the 
difference in size and shape between them. In general, bow-tie trees stop after initial 




Figure 2.8. Bow-tie and vented water trees [15]. 
 
 
2.2.6.4 Water Tree Modeling 
There is no well-established model for water trees, but generally water tree 
initiation is assumed to be due to mechanical overstressing and the formation of micro-
cracks around water droplets inside the insulation [17]. In general, water treed insulation 
is considered to be formed by water droplets forming a string of pearls interconnected by 





Figure 2.9. Model of a water tree structure showing ellipsoid shaped microvoids forming 
a string of pearls interconnected by small channels [17]. 
 
 
In a new cable, the formation of water filled voids will probably be a slow 
process. It is therefore likely that newly formed water tree regions close to the tips of the 
water trees will have a lower density of water filled voids and, consequently, lower water 
content than the main body of the tree structure. Therefore, as water decreases the 
conductivity of the polymer, these regions will be less conductive [17]. 
In general, it is accepted that the degradation of the cable insulation resulting from 
water trees has three main stages: the initiation of the water tree, the growth of the water 
tree, and the final breakdown process. Although the initiation and growth of water trees 
have been intensively studied, some of their true physical mechanisms still remain 
unknown [18]. Dissado et al. [19] have shown that the water trees grow more rapidly in 
early aging stages and then more slowly later on. By comparison, the propagation rate of 
an electrical tree is at least 1000 times faster than the water tree rate. This is the main 
reason Dissado et al. [12] split the water-tree degradation process into before and after 
the presence of electrical tress in the insulation. When an electrical tree is initiated from a 
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water tree, breakdown follows within some hours even under normal operating stresses of 
(2 kV/mm) [18]. 
The breakdown stage starts with the transition of the water tree into an electrical 
tree. Generally, this transition occurs at the tip of the water tree since at this particular 
location the electric field gradient has its maximum. This situation is shown in Figure 
2.10. Some recent literature has reported the growing of electrical trees not from the tips 
of the water trees but from the base [20], see Figure 2.11. This is considered to be 
uncommon because the electrical tree often, but not always, confines itself to the volume 
of the water tree [18]. Eventually, the electrical tree propagates through the insulation and 











Figure 2.11. Electrical trees growing from the base of a water tree [20]. 
 
 
The transition of a water tree to an electrical tree depends on various factors that 
include the voltage magnitude, voltage transients, cable design, and the oxidation within 
the insulation [14]. Bulinski et al. [18] have shown that the transition of a water tree to an 
electrical tree for field-aged cables and modeled specimens of XLPE occurs 
approximately when the length of the vented water tree has reached the insulation shield 
or within 200 μm from it. As mentioned before, the water trees consist of miniature paths 
and microvoids along which water penetrates because of the electric field. When the 
voltage and the water are removed, the water trees seem to disappear. After the 
reappearance of water and reapplication of voltage stress, the water trees regenerate [13-
14]. It has been also shown that the temperature influences the transition of a water tree 
into an electrical tree. As the temperature increases, the time required to initiate an 
electrical tree decreases; this could be due to the increased oxidation inside the insulation 
as a result of the increase in temperature [14]. In addition, no particular contaminant type 
or contaminant concentration as presented by [14] has shown any correlation with the 
transition of a water tree into an electrical tree. 
A water tree can also generate an electrical tree as a consequence of the 
application of a transient overvoltage. The shorter the duration of the overvoltage, the 
higher the magnitude needed to initiate an electrical tree [5]. 
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When water trees change from dry to wet, then their dielectric properties also 
change. Wet water trees have different and nonlinear dielectric properties, while it is 
generally found that dry water trees have the same dielectric properties compared to the 
surrounding dry polymeric insulation material [21]. Wet water trees are often found to 
have a relative dielectric permittivity of 2.3 to 3.6 [21]. In addition, Notingher et al. [22] 
have computed a relative dielectric permittivity of 9.2 at the tip of a wet water tree 
growing from a needle, assuming an average permittivity of 4.8. The conductivity of a 
wet water tree is much larger compared to the surrounding polymeric material [12]. 
Therefore, it is generally assumed that wet water treed areas will exhibit higher 
permittivity as well as conductivity. 
Under conditions of very low frequency (VLF), or power frequency of 60 Hz, or 
high frequency electric fields (because of transient overvoltages), the voltage distribution 
within the cable insulation is mainly determined by the capacitive coupling, which in turn 
is governed by the permittivity. Wet water treed areas have relatively higher capacitance. 
Therefore, they take a smaller proportion of the total voltage difference between the 
conductor shield and insulation shield, while the surrounding dry areas of polymeric 
insulation become overstressed. This situation is shown in Figure 2.12 by the 
equipotential lines that identify four enhanced stress areas around the vented and bow-tie 
water trees. As the water trees grow larger, so does the stress in these areas, which 









The time taken for a vented water tree to grow right through the entire insulation 
during the cable service life has been found to vary considerably, from around 5 years 
and up [12-13]. This time depends on cable design, cable quality, manufacturing process, 
maintenance, and service conditions. 
2.2.6.5 Electrical Tree Degradation 
Electrical treeing was the first degradation mechanism observed in polymeric 
insulated power cables [23]. An electrical tree is a network structure formed by fine 
channels that grow relatively quickly through the insulation and eventually cause 
insulation breakdown [24]. The channel walls are normally only partly carbonized. 
Therefore, some electrical trees can bridge the entire insulation layer without breakdown 
[12-13]. Like water trees, electrical trees can be divided into vented trees initiated from 
an electrode, and bow-tie trees generated inside the bulk insulation. Figure 2.13 shows an 




Figure 2.13. An electrical tree growing from the tip of a needle [15]. 
 
 
An electrical tree is usually initiated from a defect, such as a conductive 
contaminant or a needle tip. The defect can cause local field enhancements up to several 
hundreds of kV/mm [13]. In addition, electrical trees can also initiate from eroded 
surfaces in a void, water trees, or any other stress enhancement without a void [24]. 
The local field enhancement may give rise to electrons with energies of several 
electron-volts. With this energy, electrons are able to break polymer bonds directly or 
even excite polymer molecules. In the latter case, the excited molecule emits photons 
when returning to a neutral level. The photon emissions can then break new bonds or 
excite new molecules. As time progresses, especially in combination with oxidation, 
bond breakage could lead to void formations or electrical tree initiation [12]. 
The growth of an electrical tree can be divided into inception stage, propagation 
stage, and runaway stage [12], illustrated in Figure 2.14. The propagation stage is further 
divided into two periods. After inception, the electrical tree will undergo a fast growth 
period followed by a period of slow fractal propagation. A more accurate representation 
of the growth of an electrical tree includes intermittent growth with bursts of growth 
decaying to a standstill and followed by further growth activity [12, 25]. After inception, 




Figure 2.14. Schematic representation of electrical tree growth [12]. 
 
 
To reduce electrical tree inception, smooth insulation shield interfaces and clean 
insulation material are of paramount importance. The growth of electrical trees is 
dependent on voltage level, voltage waveform, voltage frequency, and insulation 
material. 
2.2.6.6 Partial Discharge Degradation 
Partial discharge is defined as “an electrical discharge that only partially bridges 
the insulation between conductors, and may or may not occur adjacent to a conductor” 
[1]. Partial discharges occur when the local electric field intensity exceeds the dielectric 
strength of the dielectric involved, resulting in local ionization and breakdown. Partial 
discharges can be generated from electrical trees, voids, cuts, cracks, protrusions, 
delaminations, and contaminants with poor adhesion to the polymeric insulation material 
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[24]. Prolonged partial discharge activity causes erosion of the insulation material by 
weakening and breaking chemical bonds, which leads to the formation of scissions [12]. 
As time progresses, scissions get deeper. When the chemical bonds are broken, the 
physical and electrical properties of the insulation material change. In addition, the 
momentary discharge results in a contained, hot, and ionized plasma. This plasma can be 
sufficiently hot to carbonize the surrounding insulation material. The resulting carbonized 
material is highly conductive and concentrates the electrical stress at the ends of the 
scission that align with the electrical field. Consequently, the changing electrical stress 
pattern allows the process to continue. Since part of the insulation is now electrically 
shorted out, the remaining intact insulation must now withstand an increasing level of 
electrical stress. Eventually, this leads to the formation of an electrical tree and 
consequently electrical tree degradation. These trees will grow and complete the route to 
breakdown. 
2.2.6.7 Breakdown Mechanisms 
The breakdown mechanisms of extruded insulation can be divided into electric, 
thermal, electromechanical, and partial discharge mechanisms [2, 12]. 
Electric Breakdown 
Electric breakdown can occur at very high electric field strength. In this case, a 
free electron is forced by the electric field to initiate an electron avalanche, thus causing 
the breakdown. In practical situations, the very high electric field never appears. 
Nevertheless, the breakdown level is determined by imperfections or defects that reduce 
the field strength in a localized area of the insulation.  
Thermal Breakdown 
This type of breakdown occurs when a localized area of the insulation cannot 
dissipate the heat losses to the surrounding media, resulting in an increase of temperature 
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in the particular location. The temperature increment causes an increment of the 
insulation material conductivity that as a consequence increases the dissipation current 
and therefore the losses. The increment in the losses causes an increment in the 
temperature and the process is repeated. This is like a domino effect. The temperature 
will increase to a point where the insulation material melts, thereby resulting in thermal 
breakdown or runaway breakdown. 
Electromechanical Breakdown 
This breakdown is caused by the forces induced by the electrostatic field in the 
cable. The conductor and neutral attract each other; this reduces the insulation thickness 
and therefore the required breakdown stress. This situation is more likely to occur when 
the insulation material is at a temperature at which the material is in a softening 
condition. However, this is unlikely to occur since in practical situations the cables are 
operating well below the softening point. 
Mechanical Breakdown 
This type of breakdown occurs when some mechanical damage is done to the 
cable. Digging constitutes a good example. This situation is random and is not related to 
cable system degradation. 
Partial Discharge Breakdown 
The presence of partial discharge inside the bulk insulation of a cable system 
implies the presence of electrical trees. Because of the partial discharge, the electrical 
trees will increase their size and continue propagating through the insulation. This 
reduces the breakdown strength, leading eventually to an electric breakdown. 
Breakdown in polymeric cable insulation is always a catastrophic event. In other 
words, the event is irreversible and destructive. It generally results in a narrow 
breakdown channel between the electrodes. All breakdown processes in polymers are 
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power driven and ultimately thermal in the sense that the discharge channel involves at 
least the melting and probably the carbonization and vaporization of the material [12]. 
Dissado et al. [12] have presented the relationship between low-level degradation 
mechanisms such as water trees and electrical trees and the breakdown processes in a 
graphical manner. This is shown in Figure 2.15. However, the distinction between the 
degradation and breakdown stages is not clear. As mentioned before, the breakdown 
mechanism is assumed to have started only after the presence of partial discharges. 
Figure 2.15 also shows that there is an overlap between the electrical and thermal 
breakdown mechanisms; because of in some situations, a bridging water tree could cause 
a thermal breakdown without the presence of partial discharges. Nevertheless, this 
situation is quite uncommon and it is generally accepted that more than 90 % of cable 
polymeric insulation failures follow to some extent the degradation and breakdown 





Figure 2.15. Time and electric fields at which various electrical breakdown mechanisms 
are operative [12]. 
 
 
2.3 Overview of Power Cable Diagnostic Technologies 
Power cable diagnostic technologies can be used in two ways: to verify that a new 
or repaired cable segment has no problems or to assess that an aged cable segment system 
will soon experience failures. In most cases, the proper application of the technologies, 
together with corrective action, results in a reduction of cable system failure rates, which 
increases the system reliability [12, 26]. This section discusses the basic principles of the 
various diagnostic technologies. 
The main cable diagnostic testing technologies used to assess cable circuit 
conditions are as follows:  
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• Partial discharge at 60 Hz elevated voltage, Very Low Frequency (VLF) of 
0.1 Hz elevated voltage, or Oscillating Wave (OW) elevated voltage. 
• Dissipation factor (Tan δ) at 60 Hz, VLF (0.1 Hz) or various frequencies and 
voltages. 
• Withstand voltage tests at elevated VLF, 60 Hz, AC, or DC voltages. 
• DC leakage current. 
• Polarization/depolarization current and recovery voltage.  
2.3.1 Partial Discharge 
A large amount of research has been published over the past decade regarding the 
characterization and classification of partial discharge sources in power cable systems. 
Nevertheless, the study of partial discharge in cables for practical applications is still 
empirical in nature. This is due to the complexity of the partial discharge phenomenon 
itself [27-29]. The partial discharge diagnostic test is typically used to find localized 
defects in cable systems. The technology can be applied to all cable types. The test 
equipment detects transient electrical or acoustic signals generated at the discharge site. 
These signals travel from the discharge site through the cable system to the test 
equipment. 
Multiple methods exist for detecting partial discharge signals. The sensors used 
for detection can be either electrical or acoustic in nature. For electrical detection, partial 
discharge sites generate microvolt and microampere signals, which may be detected 
either with potential or current transformers. Potential transformers in the form of 
capacitive dividers must be connected to the cable at one or both ends of the segment 
under test, while current transformers may be installed wherever there is access to the 
cable. Acoustic detection is done with a sensitive microphone that is positioned as close 
as possible to the partial discharge site. When a partial discharge occurs, it produces an 
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immediate release of energy that results in a mechanical wave that propagates through the 
material of the device in which it occurs [30-31]. Therefore, the partial discharge site acts 
as an acoustic wave source. Partial discharge testing can be performed both online and 
offline [32]. Most offline techniques apply 1.5 to 2.5 U0, where U0 is the rated phase to 
ground RMS voltage.  
Partial discharge testing is not a simple test, as it requires specialized equipment 
and trained operators. The partial discharge is a stochastic process and therefore difficult 
to interpret. In addition, partial discharge measurements strongly depend on the type and 
location of defects, operating and testing voltage magnitude and frequency, circuit 
operating conditions, type of insulation material, and ambient noise [33]. 
2.3.2 Dissipation Factor (Tan δ) and Dielectric Spectroscopy 
Dissipation factor (Tan δ) is a measure of the degree of real-power dissipation in a 
dielectric material and therefore its losses. In the case of underground cables, this test 
measures the bulk losses rather than the losses resulting from a specific defect. The 
dissipation factor can be applied to all cable types; however, test results must be 
considered with respect to the specific cable insulation material and accessory type. The 
dissipation factor is measured by applying an AC voltage and measuring the phase 
difference between the voltage waveform and the resulting current waveform. This phase 
angle is used to resolve the total current into its charging and loss components. The 
dissipation factor is the ratio of the loss current to the charging current. The term “Tan δ” 
is often used interchangeably with dissipation factor and arises from the fact that the 
dissipation factor is simply the ratio of orthogonal current components. The angle δ is the 
angle between the total current and the charging current when they are represented as 
phasors [34]. 
The cable segment under test is disconnected from the grid and energized from a 
separate power supply. The segment is typically energized using a voltage level of U0 and 
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2 U0. Measurements are then compared to known Tan δ values for the specific type of 
dielectric [35]. As this test requires a separate power supply, it is important to understand 
the differences between 60 Hz AC and VLF (0.1 Hz) power supplies used for Tan δ 
measurements. There are two current components that correspond to Tan δ, the loss 
current and charging current. The latter depends on the capacitance of the cable and thus 
inversely on the frequency. The benefits of using a low test frequency are that (a) the 
power supply must supply a lower total current, which dramatically reduces the power 
supply size and (b) increased sensitivity to the loss current. For example, the charging 
current at 60 Hz is 600 times larger than at 0.1 Hz. 
It is important to mention that some factors could influence the dissipation factor, 
such as accessories that employ stress relief materials with nonlinear loss characteristics. 
They can cause the measurement to indicate a condition that is not the true condition of 
the cable insulation. This can be overcome by performing periodic testing at the same 
voltage levels while observing the general trend in dissipation factor values [34]. 
Additional factors not so easily controllable include temperature, moisture content, non-
uniform degradation, and corrosion of the neutral wires.  
Additional information on the condition of the insulation may be obtained by 
repeating dissipation factor measurements at frequencies in the range of 0.01 to 100 Hz 
[13, 36]; this is known as dielectric spectroscopy. 
2.3.3 Withstand 
Withstand tests are the application of an elevated voltage for a finite duration and 
can be applied to all types of cables and accessories. When elevated voltage with respect 
to the normal operating voltage is applied, the intent is to cause weak points in the cable 
segment to fail during the test. 
This technique is conducted offline. The applied voltage could be DC, VLF, or 60 
Hz AC. Typical testing voltages range from 1.5 U0 to 3.0 U0 or even more. DC voltages 
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are not advised for aged polyethylene cables, as the DC voltages may cause space charge 
accumulation in the bulk insulation, thus causing the cable to fail prematurely [37]. In 
general if a failure occurs during testing, the failure is repaired and the segment is 
retested. If additional failures occur, then the entire segment should be replaced. 
Withstand tests are intentionally destructive and therefore should not be performed 
without proper planning in segments that are considered critical to system operation. 
2.3.4 DC Leakage Current 
The DC leakage current test is based on the application of DC voltage together 
with the measurement of the leakage current. It is primarily intended to measure the 
global condition of the cable insulation, but it can also be useful for measuring tracking 
currents at insulation interfaces and terminations. This technique can be applied to all 
cable segment types except those with aged PE-based insulation materials [37]. The test 
voltage is increased stepwise; each step usually takes 30 seconds. The duration of the test 
is about 10 minutes. The maximum step voltage is typically about twice the peak value of 
the cable operating voltage. Following the voltage application, the cable must then be 
grounded for a period of at least four times the duration of the test before retesting or 
being returned to service [38].  
2.3.5 Depolarization Current and Recovery Voltage  
These two techniques are conducted offline and are able to give a global 
insulation condition. They are sensitive to the level of water tree degradation in the 
insulation [39]. Both techniques can be applied to cable segments with one type of 
insulation material with conventional or nonlinear stress relief accessories. The testing 
procedure is as follows: the cable segment is energized using a DC voltage. Typical 
voltages range from 0.5 U0 up to 2 U0. The energizing time is usually 15 minutes. After 
energizing, the segment is discharged for 2 to 5 seconds through a ground resistor. Then, 
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the open circuit voltage (recovery voltage) or short circuit current (depolarization current) 
is measured for 15 to 30 minutes [8].  
By using the short circuit current, the depolarization current technique measures 
the time constants of the trapped charge within the insulation. Time constants carry the 
information on the cable insulation condition. An aging factor that uses the time constants 
can be defined [40], but its values are only applicable to assess cable segments with 
similar designs. 
The recovery voltage technique uses the maximum value of the open circuit 
voltage. Non-aged cables exhibit a well-established proportionality between the 
maximum value and the energizing voltage, while aged cables do not. The proportionality 
is used as the indicator for diagnostics. Although this proportionality is considered to be a 
good indicator, an erroneous assessment can be obtained when using only the maximum 
value of the recovery voltage. Thus, overlooking the time dependency of the recovery 
voltage could lead to an incomplete diagnosis [8]. In addition, the indicator is only 
applicable to cable segments with similar designs. 
2.3.6 Discussion 
Various diagnostic testing technologies are capable of assessing different specific 
characteristics of a cable system. In most situations, more than one technology should be 
utilized to establish a better picture of the cable system condition. Then, it may be 
convenient to combine diagnostic tests that identify bulk or global degradation with those 
that identify local defects. Combining one test from each of these groups will also aid in 
deciding whether a segment should be repaired (i.e. local defect) or replaced (i.e. global 
degradation).  
It is also a good practice to perform periodic testing. This is because any accepted 
criteria are valid only for specific cable segment configurations. For example, criteria for 
cable segments that have multiple insulation types are not available. Therefore, the best 
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approach is to observe trends in the measurements over time. Changes in the data will 
clearly indicate whether or not further degradation has occurred. Nearly all diagnostic 
tests may be used in this fashion, with the exception of withstand, as it only provides 
pass/fail indications. In the United States, the main diagnostic technologies used are 
dissipation factor, withstand, and partial discharge [8]. 
2.4 Summary and Conclusions 
This Chapter has introduced the basic concepts, structure, and accessories of 
power cable systems and their diagnostics required for understanding the upcoming 
Chapters of this theses. In addition, aging, degradation, and breakdown mechanisms have 





CHARACTERIZATION BY TAN δ MEASUREMENTS 
3.1 Introduction 
Medium voltage distribution cables and their accessories form a critical part of 
power delivery systems. The systems employ insulation materials that have a low 
permittivity and loss. The permittivity and the loss are dielectric properties of the 
insulation material. As the systems age, these dielectric properties change such that they 
may provide a convenient way to monitor the insulation degradation. Generally, the 
dielectric loss is monitored because it can increase several orders of magnitude during the 
service life of the systems. This approach correlates well with the known mechanisms of 
degradation, namely the ingress of water and the subsequent growth of water trees as 
discussed in Chapter 2. 
During the last decade, VLF testing for extruded distribution cables has gained 
interest among the North American utilities. The increasing interest is evidenced by 
recent publications as [41] and [10] and discussions inside the expert community in 
which standards are being proposed and continuously discussed [42].  
In practice, it is convenient to measure the dielectric properties at a VLF of 0.1 
Hz. This both reduces the size and power requirements of the energizing source and 
increases the resolution. While it seems there is a general consensus as to the 
interpretation of the dielectric properties for diagnosis, many issues regarding the 
definition of more accurate means of system evaluation still need further study.  
Consequently, this Chapter discusses a number of the practical issues that arise 
when making these measurements at VLF on field-aged and non-aged cables, particularly 
Tan δ measurements. The goal is to show that the interpretation of Tan δ measurements is 
not as simple as it appears to be and that Tan δ is a feature rich diagnostic tool when the 
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data are obtained and interpreted appropriately. The discussion is based on data obtained 
from laboratory experiments and field tests performed on actual cable systems in 
operation. 
3.2 Basis of Tan δ Measurements 
Tan δ measurement constitutes a cable diagnostic technique that assesses the 
general condition of the cable system insulation, which can be represented by an 
equivalent circuit that consists of two elements; a resistor and a capacitor [37]. When 
voltage is applied to the system, the total current is the result of the contributions from 
the capacitor current and the resistor current. Generally, the measurements are carried out 
offline with an energizing source that could be of 0.1 Hz or 60 Hz. The equivalent circuit 












Figure 3.1. Equivalent circuit for Tan δ measurements and phasor diagram. 
 
 
The equivalent circuit parameters of Figure 3.1 are as follows: 
R: Equivalent resistance representing the insulation losses in Ω, 
C: Equivalent capacitance in F, 
V: Applied voltage phasor in V, 
I: Leakage current in A, 
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IR: Loss current in A, 
IC: Charging current in A, 
δ : Phase angle between IC and I in degrees. 
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where, 
DF: Dissipation factor commonly named Tan δ, 
ω : Angular frequency in rad/s. 
The power P in watts, that is absorbed by the circuit, is given by, 
2P V C Tanω δ= ⋅ ⋅ ⋅ , (3.2)
where, 
V: RMS voltage in V, 
There is a relationship between the parameters describing the equivalent electrical 
circuit and the dielectric parameters describing the cable insulation material. In some 
cases, it is convenient to describe Tan δ as a function of dielectric parameters rather than 
the equivalent circuit parameters since it has more physical meaning. Therefore, the 
concept of complex permittivity is introduced in order to express the insulation losses. 
The complex permittivity is defined by equation (3.3), 
' ''jε ε ε= − , (3.3)
where, 
ε : Complex permittivity in F/m, 
'ε : Real part of the complex permittivity in F/m, 
j : Imaginary unit 1− , 
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''ε : Imaginary part of the complex permittivity in F/m. 
The real part of the complex permittivity, 'ε , is the value of the complex 
permittivity that characterizes the cable insulation material while the imaginary part of 
the complex permittivity, ''ε , is closely related to the insulation losses. There is a relation 
between ''ε , the conductivity of the insulation material, and the frequency [5]. This 
relation is shown in equation (3.4), 
''σ ω ε= ⋅ , (3.4)
where, 
σ : Conductivity of the material in S/m, 
ω : Angular frequency in rad/s. 







By substituting equation (3.4) into equation (3.5), the Tan δ value can also be 
expressed as a function of the conductivity and electric permittivity of the dielectric 





The conductivity, σ , of the dielectric is a parameter that represents the losses due 
to conduction that takes place inside the dielectric because of the presence of the electric 
field. The dielectric losses will heat up the insulation material.  
There are two main processes by which a dielectric material can increase its 
temperature under the presence of an electric field, namely electrical conduction and 
dipole rotation. In electrical conduction the current flow due to the electric field causes 
the material to absorb energy as heat. In dipole rotation, dielectric molecules are 
 44
polarized due to the presence of the electric field [5]. The polarized molecules have an 
electrical dipole moment. Thus, if the electric field alternates, the polarized molecules 
rotate aligning themselves with the direction of the alternating electric field. Successive 
rotations produce heat through friction at the molecular level, thus increasing the 
dielectric temperature. The dipole rotation process is commonly known as dielectric 
heating since it is related to the natural polarization of the dielectric material [5]. 
Consequently, higher Tan δ values represent higher losses and therefore an 
increase in the dielectric material temperature. When the increment in losses is localized 
and because the extruded insulation materials are fairly good thermal insulators, the 
localized losses can lead to a hot spot inside the cable insulation. As the temperature 
increases, the insulation material conductivity and therefore the power losses increase 
causing a further increment in temperature. The process repeats itself like a chain reaction 
leading to “thermal runaway” breakdown [12]. This thermal breakdown process is also 
called “thermal instability” [12]. 
From a practical point of view, the significance of Tan δ is that it represents the 
ratio of the dissipated energy inside the dielectric per radian of the test voltage to the 
energy stored at maximum polarization [43]. It has been shown that the real and 
imaginary parts of the complex permittivity are frequency dependent [13, 43]. Thus, the 
Tan δ value is the ratio of two frequency dependent quantities. While the changes in the 
real component are marginal, the changes in the imaginary component are significant 
during the cable insulation system life [43]. However, the Tan δ value does not provide as 
much information as the simultaneous evaluation of the complex permittivity 
components; a more exhaustive evaluation process would consider the changes with 
frequency of these components separately [13]. This evaluation technique is commonly 
known as dielectric spectroscopy [36]. 
One of the major practical advantages of the Tan δ measurement is that it is 
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independent of the cable insulation geometry. As seen before, it is the ratio of two 
parameters that are both affected by the same geometry factors [5]. Therefore, in 
situations in which the cable insulation geometry is not known, the Tan δ test is the only 
tool that can be used to assess the cable insulation condition by dielectric measurements 
[43]. 
3.3 Tan δ Measurements as a Tool for Diagnosis 
Under ideal conditions, the cable insulation system should behave as a pure 
capacitance. In this case, the angle (δ) between the leakage current and the charging 
current would be zero and therefore so would the Tan δ value. As mentioned before, the 
insulation system has inherent losses which are represented in the model as a resistor in 
parallel to the capacitor representing the insulation under ideal conditions. It is well 
known that for a new XLPE cable, the Tan δ value is quite small, typically less than 
0.0001 [5]; however, during its life the Tan δ value will increase due to the natural aging 
process. 
As the density and size of water trees inside the cable insulation increase, the 
insulation loss and therefore the Tan δ value also increases. In addition, a nonlinear 
behavior with changes in voltage is also observed [13]. It has been shown that the 
increase in the dielectric losses is due mainly to the current flowing inside water tree 
structures [17], which is an indication that the dielectric losses depend on the electrical 
conductivity and the density of water trees while the degree of non linearity is mostly 
assumed to depend on the length of the water trees [17]. This latter case has also been 
reported in [44] in which the cable sample with the longest water trees has more 
significant nonlinear behavior and with losses significantly higher than what is typically 
measured for a cable with resistive field grading splices. Thus, the nonlinear behavior of 
water tree degraded XLPE insulation as a function of voltage has been proposed by 
researchers as an important additional diagnostic criterion [13]. It has also been 
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experimentally shown that in the case of long water trees the dielectric response is highly 
nonlinear as a function of the increasing test voltage above a certain level [13]. 
Nevertheless, from a single measurement of the Tan δ value, only an average 
degree of the insulation system degradation can be obtained as it may be used to provide 
a qualitative assessment of water tree formation. Unfortunately depending on the cable 
section length, higher density regions of water trees do not have a significant effect on the 
measured value. The overall Tan δ value will be lower than the value at the high water 
tree density region [45]. 
A progressive increase in the Tan δ value over time does indicate the presence of 
growing water trees. Therefore, historical records must be maintained over a period of 
time. Until now, there is no analytical relationship between the Tan δ value and the 
number and length of water trees in the cable insulation. Thus, it is necessary to rely on 
changes over time in the Tan δ value rather than on one specific measurement [34].  
In conclusion, higher insulation losses and nonlinearities as a function of the 
voltage are indicators that the cable insulation system may be approaching failure. 
Therefore, the Tan δ value can be used as an indicator of the severity of water treeing in 
underground distribution cables. 
3.4 Measuring the Tan δ Value 
In field testing applications, the measurement is performed as an offline test in 
which the cable segment under test is disconnected from the grid at both ends and 
energized from a separate power supply with a fixed AC frequency typically of 60 or 0.1 
Hz [37]. The frequency could also be in the range of 0.01 to 100 Hz [17]. The segment is 
typically energized using voltage levels of 1.0 U0 and 2.0 U0, where U0 is the operating 
phase to ground system voltage [37].  
In laboratory testing applications, for the research presented here, the samples 
under test are in a restricted environment that includes the control of the temperature and 
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the humidity. 
3.5 Tan δ Measurements Diagnostic Criteria 
Nowadays, two different criteria are applied for diagnosing a cable insulation 
system using the Tan δ value. One criterion uses the magnitude of the Tan δ value as a 
tool for diagnostics while the other uses the difference in Tan δ values for particular 
electrical stresses or voltage levels. The latter is commonly known as the “Tip-Up” of the 
Tan δ value. The results for both criteria are often interpreted using recommendations 
given in the standards. The standards provide a hierarchical level that evaluates the cable 
insulation system.  
Unfortunately, there are no unified criteria for Tan δ measurements for different 
insulation materials and frequencies. This can be seen in Table 3.1 that shows the pass 
and fail indications for Tan δ measurements considering the Tan δ magnitude and the 
Tip-Up criteria. Establishing unified criteria is complicated by the fact that the Tan δ 
values depend not only on the cable system quality but also on the cable and accessory 
technologies. Nevertheless, a general procedure can be implemented in order to assess a 
particular case. 
 
Table 3.1. Pass and fail indications for Tan δ measurements considering the Tan δ 
magnitude and the Tip-Up criteria [8]. 
 
Insulation Material Frequency [Hz] Pass Indication Fail Indication 
XLPE 0.1 See Table 3.2 See Table 3.2 60 





EPR 0.1 60 
PILC 0.1 60 
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The criteria established in the United States are given by the IEEE Std. 400 [37]. 
But, only Tan δ values for a 0.1 Hz sinusoidal voltage source are reported. Table 3.2 
shows the Tan δ values and the cable system condition assessments in the IEEE Std. 400 
[37]. Figure 3.2 shows the same information as in Table 3.2 but regarding the Tan δ 
magnitudes only. 
 
Table 3.2. Tan δ and cable condition assessments in the IEEE Std. 400 [37]. 
 
Assessment Tan δ [1e-3] Tip-Up [1e-3] U0 2 U0 U0 to 2 U0 
 Clause 8.4
Good† - Less than 1.2 Less than 0.6 
Aged - Between [1.2, 2.2] Between [0.6, 1.0] 
Highly Degraded - More than 2.2 More than 1.0 
 Clause 9.7
OK† Less than 4.0 - - 
Replace Eventually More than 4.0 - - 




Even though these values are widely used to assess the cable insulation condition, 
a complete understanding of the standard recommendations is unclear. Care is needed in 
the direct application of these values as the cable systems and operating conditions are 
different from those in different countries; yet the values serve to show how an 
assessment protocol might be constructed. It is also important to recognize that data at 60 
Hz cannot be compared with those at 0.1 Hz since the time constants for the polarization 



























































Figure 3.2. Tan δ magnitudes and cable condition assessments in IEEE Std. 400 [37]. 
 
 
One important point shown in Table 3.2 (Clause 8.4) is that the Tan δ should only 
vary slightly between different voltage levels. However, an increase in Tan δ with 
increasing voltage could be due to the presence of partial discharge. Meanwhile, a 
decrease in Tan δ with voltage and time mainly indicates humidity problems in 
accessories [8]. The values presented in Table 3.2 should be taken as approximate 
guidelines only. 
The values of the IEEE Std. 400-Clause 8.4 [37] come from practical 
measurement results of numerous field data, 2400 km of XLPE insulated cables, and 
cross correlation with data from research centers of several European universities [37, 
47]. The values given in Clause 9.7 of the IEEE Std. 400 [37] come from statistical 
analyses of more than 1500 onsite Tan δ measurements on service aged XLPE insulated 
cables. Nevertheless, the sensitivity of the commercial measurement system was limited 
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between 0.001 and 0.002 and the scatter was quite high [48]. Therefore, it was not 
possible to distinguish between new or non-aged cables and moderately field-aged cables. 
In both clauses, the values correspond to cables of a German design [48].  
Moreover, the standard does not provide information on the timing, criteria for 
voltages different from U0 and 2 U0, voltage sequence, or failure risk during test. The 
recommended actions are also confusing. Therefore, a reevaluation of standard values 
and recommendations taking account American cable designs, would enhance the cable 
diagnostics testing by Tan δ measurements in the United States. 
3.6 Limitations of Tan δ Measurements 
Tan δ can be considered as a measure of the average condition of a cable system, 
and so unfortunately, if higher density regions of water trees exist only in part of the 
cable segment length; then their effect on Tan δ would not be reflected in the overall 
measurement. In other words, the overall Tan δ value may be lower than the value that 
corresponds to the high density regions of water trees [45], which means that an incorrect 
condition assessment could be formed. Therefore, the usefulness of Tan δ is limited by its 
inability to give more specific information than the average condition of the insulation of 
the complete cable system. 
Nevertheless, a progressive increase of Tan δ value over time does indicate the 
presence of gradually growing water trees and therefore degradation. Thus in order to 
recognize this trend, records must be maintained over a period of time, typically several 
years. In this case, when the Tan δ measurements exceed historically established 
thresholds of its magnitude and Tip-Up for a particular insulation type, cable design, and 
voltage levels, the cable may be evaluated to have degraded and therefore it could be 
scheduled for replacement. On the other hand, if the Tan δ is below the thresholds then 
additional tests could be performed to determine whether the cable insulation is defective 
or not. Specifically, IEEE Std. 400 [37] suggests the application of a VLF withstand test. 
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Cable accessories such as splices and terminations could have a significant effect 
on the measured Tan δ values. The accessories themselves could dominate the 
measurement, and this is generally observed for two cases: (a) the insulation losses for a 
certain type of accessory (e.g. resistive field grading accessories) are higher than the 
cable insulation losses and (b) traditional accessory types that have reached highly 
degraded condition and thus their insulation losses are higher than the cable insulation 
losses [49-50]. Therefore, when performing Tan δ measurements if possible, the number 
of accessories, types, and conditions must be considered in order to evaluate their effects 
on the Tan δ value of the cable. 
Another limitation is that VLF Tan δ has been mainly applied in the United States 
to polyethylene based insulation, i.e. HMWPE and XLPE. This polyethylene focus is due 
mostly to the availability of basic diagnostic interpretation information contained in IEEE 
Std. 400 [37]. However, one issue that remains unanswered is how to interpret data for 
the rest of the cable system population composed of TRXLPE, EPR, and PILC cable 
systems. A survey conducted by NEETRAC among United States utilities reveals that 60 
% of underground cable insulation material is HMWPE, XLPE, or TRXLPE [10]. The 
survey also shows that approximately 25 % of the underground insulation material is 
EPR. However, there are no unified success criteria for Tan δ measurements when 
considering the different insulation materials, cable designs, cable system quality, and 
accessory technologies. This constitutes a problem when doing the diagnosis since every 
case should be treated separately considering all the related issues. 
3.7 Previous Work on Characterization by Tan δ Measurements 
Several researchers have tried to address the issues surrounding the 
characterization of power cable insulation using Tan δ measurements. In particular, in the 
method for characterization presented in [45], the degree of insulation deterioration has 
been estimated using Tan δ measurements together with the DC leakage current for an 
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online test system for XLPE cables. The evaluation of insulation condition has used Tan 
δ values at power frequency. The final assessment has been divided into three groups that 
have been specified as (a) un-deteriorated, (b) signs of insulation deterioration, and (c) 
deteriorated insulation. Results have indicated that the diagnostic accuracy is high for 
deteriorated cables. The authors have also reported a correlation between Tan δ values 
and the AC breakdown voltage. 
Kuschel et al. [48] have reported Tan δ values for new MV power cables with 
different insulation materials and observed that different materials have different Tan δ 
values. This has been true in particular for different compounds of XLPE. The 
measurements have been done at frequencies of 0.1 Hz and 50 Hz. The classification of 
XLPE compounds has shown to be more efficient at 0.1 Hz as compared to 50 Hz 
because the differences in the values are greater at the lower frequency. It has also been 
observed that for some XLPE compounds, there is a slight increase in Tan δ with voltage 
while for other compounds there is no change at all. Moreover, the paper has also 
reported on the analyses of more than 1500 onsite 0.1 Hz Tan δ measurements on field-
aged 20 kV XLPE cables manufactured in Germany. Typical Tan δ measurement results 
for field-aged and non-aged cables are shown in Figure 3.3. From these measurements, 
diagnostic criteria have been established. The criteria has determined that cables with a 
Tan δ value higher than 0.004 are considered to be highly water tree degraded and 
expected to have a low AC breakdown voltage. Unfortunately, the sensitivity of the 
measurement system used has been limited between 0.001 and 0.002 and the scatter has 
been quite high. Therefore, it has not been possible to distinguish between new, non-
aged, and moderately aged cables. The authors have also mentioned the importance of 





Figure 3.3. Voltage dependence of 0.1 Hz Tan δ of non-aged and field-aged XLPE-
insulated medium voltage cables [48]. 
 
 
In the work by Hvidsten et al. [46], the authors have described the methodology 
for experiments performed on laboratory-aged 12 kV and field-aged 24 kV XLPE cable 
samples. The methodology has included Tan δ measurements at VLF, AC breakdown 
test, and water-tree examination. Measurements have been conducted using a 0.1 Hz 
source at voltages starting from 0.1 to 0.5 times the phase-to-ground operating voltage of 
samples. Results have indicated that there is a correlation between the Tan δ 
measurements at 0.1 Hz and the AC breakdown voltage. The authors have also shown 
that a reduction of the AC breakdown strength is related to the length of the longest 
vented water tree rather than to the tree density. Additionally, it has also been shown that 
the degree of nonlinearity in Tan δ measurements with respect to voltage may be used as 
a valuable parameter for assessment even at test voltages lower than the operating 
voltage. 
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Baur and Blank [47] have introduced the concept of frequency domain dissipation 
factor (FDDF). This concept is also known as dielectric spectroscopy. Their method has 
been based on Tan δ measurements at different frequencies using a sinusoidal power 
source with a variable frequency range from 0.01 Hz to 1 Hz. Their work has shown that 
changes in values with frequency may be used as an additional evaluation criterion. They 
have also shown that after 1000 hours and 90 ºC of aging, the characteristics of TRXLPE 
and XLPE, as observed using the FDDF method, have been similar to one another. But 
more importantly, the paper has also introduced a method for assessment of XLPE cable 
insulation based on practical measurement results from numerous field measurements. 
The data have been compared with cross validation tests from high voltage research 
centers of several European Universities. The method has used Tan δ measurements at 
two voltage levels of 1.0 and 2.0 times the phase-to-ground operating voltage at 0.1 Hz. 
Values of Tan δ have been used to assess the condition of a cable system by considering 
the Tan δ values and the change in Tan δ with voltage (Tip-Up). Actually, this method 
has been the base for the current assessment criteria found in the IEEE Std. 400 [37].The 
authors have also pointed out that these criteria may be used for TRXLPE cable, but that 
care must be taken because values for this type of insulation material only stabilize one or 
two years after commissioning and normal system operation.  
The concept of change in Tan δ with frequency as a means of diagnosis has been 
further advanced by Werelius [13] who has developed a method that uses dielectric 
spectroscopy for diagnosis of medium voltage XLPE cables. He has reported that Tan δ 
measurements are independent of voltage level, voltage class, and humidity for non-aged 
cables. However, he has observed that for cables with considerable water-tree 
degradation, the Tan δ values are higher when a sequence of voltage is applied more than 
once. In other words, Tan δ values in the second sequence are higher than those in the 
first sequence when the two sequences are identical. This is akin to a hysteretic effect. In 
some cases, he has found that the response is not reproducible. This behavior is explained 
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by changes inside the structure of water trees. He has also observed the change in Tan δ 
value with time for a particular voltage level. In particular, he has shown that these 
changes occur more rapidly at the beginning of the test than after applying the voltage for 
some time. The effect is even more pronounced for a cable that has not been energized 
for a long period of time. 
Pedersen et al. [41] have also shown the application of dielectric spectroscopy for 
the detection of water trees in XLPE cables, which has supported the applicability of the 
method developed by Werelius [13]. The authors have shown that the fundamentals of 
high voltage testing are not directly applicable at low voltages since the nonlinearity of 
the Tan δ measurements has not been as noticeable at the lower test voltages. They have 
also shown that for high voltage testing, the hysteretic effects are significant and could be 
useful in condition assessment. 
Most recently, Skjolberg et al. [44] have shown the application of trend analysis 
for Tan δ measurements on field-aged MV XLPE cables. They have found that the Tan δ 
increases in the range of 0.0001 to 0.001 per year for the cables that have been tested. 
They have also found that the cable sample with the longest water tree has the most 
nonlinear behavior with losses that are significant higher than what is typically measured 
for a cable with resistive field grading splices. 
In summary, research efforts have shown that Tan δ is a useful diagnostic tool for 
cable system insulation condition assessment. Nevertheless, there are still questions that 
need to be answered. Additional work is required for a better understanding of the 
measurement regarding different insulation materials, additional features that could be 
used for diagnosis, influence of test voltage sequence, test voltage levels, and risk of 




3.8 Laboratory Tan δ Measurements 
In order to address some of the VLF Tan δ issues previously discussed, laboratory 
measurements are performed and described in this section. Field Tan δ measurements are 
described in Section 3.9. 
The laboratory experiments on distribution MV cable samples are designed to 
contribute in understanding time, voltage, and discharge time dependence of Tan δ 
diagnostic measurements at VLF of 0.1 Hz. The results assist in clarifying issues that 
arise when characterizing MV cable insulation by Tan δ diagnostic measurements. The 
issues include: (a) time-on-test, (b) voltage level as a diagnostic tool, (c) diagnostic 
features, and (d) reproducibility and repeatability of the measurements. 
3.8.1. Cable Sample Description 
The cable samples used in this experiment are composed of field-aged and non-
aged MV cables. The field-aged samples have been provided by one of the utility 
participants of the CDFI project and the non-aged samples have been provided by 
NEETRAC. A description of the samples is presented in Table 3.3.  
 
Table 3.3. Cable samples description. 
 
















TR-1 1997 TRXLPE 
E-1 2006 EPR 
N-1 New 2005 25 
TRXLPE TR-2 Non-aged 200 ft (61 m) 1997 15 
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The field-aged cable samples are a uniform set of the same 15 kV, XLPE, 
unjacketed cable, provided by the same utility, and coming from the same service area. 
Thus, it can be assumed that the aging conditions to which these cables have been 
exposed during their service life are similar. This is important since this group then 
constitutes a uniform group in which comparisons can be made without regard to cable 
design and aging conditions. Prior to measurements, the field-aged samples were 
permanently stored in a water tank to keep moisture in the insulation (see Figure 3.4). 
The field-aged samples are unjacketed; thus during testing the sample is moved to a 
different water tank to have a good contact between the insulation shield and neutral 
wires, as shown in Figure 3.5. 
In contrast, the non-aged samples are a diverse set of 15 kV and 25 kV TRXLPE 
and 25 kV EPR jacketed cables. Sample N-1 is a new cable with void defects inside the 
bulk insulation. The EPR sample is included since it is well known that it has a higher 
Tan δ value than the equivalent non-aged XLPE or TRXLPE sample [5]. All the samples 













Figure 3.5. Water tank in which the field-aged cable samples are tested. 
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3.8.2 Testing Protocols and Equipment 
This section focuses on understanding: (1) how the Tan δ value varies with time 
for a particular voltage level when measurements are taken for a relatively long period of 
time, (2) how the Tan δ value varies with test voltage level when different voltage 
sequences are applied, and (3) how the Tan δ value varies when the sample under test is 
left resting, connected to ground, for different periods of time. Understanding these issues 
would add knowledge resulting in a better diagnosis since the understanding could help 
clarifying such issues as time-on-test, voltage level as a diagnostic tool, additional 
diagnostic features, and reproducibility and repeatability of measurements. 
Thus, three testing protocols are designed to test the cable samples in a laboratory 
environment controlled in terms of humidity and temperature. The humidity is kept 
bellow 80 % non-condensing and the temperature is maintained at around 18º C with 
changes limited to ±3º C. The testing protocols, shown in Table 3.4, include three test 
types: a time dependence test, a voltage dependence test, and a discharge time 
dependence test. 
 

















[Hz] 0.1 60 0.1 60 0.1 60 
I √  √  √  Small (4) 
S-4, S-5, S-6, 
and X-1 
II √  √    Medium (7) 
S-1, S-2, S-3, 
TR-1, E-1, N-
1, and TR-2 





Protocols I and II are at VLF (0.1 Hz) and both include time dependence and 
voltage dependence. Protocol I is the only one to consider discharge time dependence. 
Protocol III only considers voltage dependence at 60 Hz. Not all the samples are tested in 
all protocols; the sample set size is reduced for protocols I and II. An explanation of each 
test now follows: 
• Time Dependence: changes in Tan δ with time are studied when the cable 
sample is energized with the rated phase to ground voltage (U0). The changes 
in values are measured for a period of 10 minutes and 5 repetitions are 
conducted. Between repetitions, the cable samples are left de-energized and 
resting, shorted to ground, for 10 minutes. Before the first voltage application, 
all cable samples are de-energized for at least 24 hours. 
• Voltage Dependence: the voltage magnitude applied to the sample is changed 
in steps of 0.5 U0 with a maximum applied voltage of 1.5 U0. The voltage 
magnitude applied to the samples can be represented as a sequence of voltage 
steps, each of which lasts for 1 minute. The test sequence is designed to assess 
the effect of the repeated voltages in the reproducibility of Tan δ values when 
more than one increasing voltage sequence (classical approach) is considered. 
• Discharge Time Dependence: changes in Tan δ with discharge time are 
observed. Samples are left de-energized, and shorted to ground resting, for a 
period of time considered here as the discharge time. This time is increased 
from 1 minute to 60 minutes. A total of seven voltage applications for Tan δ 
measurements are conducted. Each voltage application lasts 1 minute and the 
magnitude of the applied voltage is U0. 
All tests are carried out in the specified order. A resting time of 60 minutes 
between tests is allowed to minimize the influence of previous tests. During this time 
samples are left de-energized and shorted to ground. Figure 3.6 and Figure 3.7 show the 
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voltage magnitude as a function of the voltage application number for both protocols I 


















































Figure 3.7. Voltage sequence - protocol II (0.1 Hz). 
 
 
Protocol III is at the power frequency of 60 Hz. Only a voltage dependence test is 
conducted; specifically, the voltage magnitude is changed in steps of 0.5 U0 from 0.5 U0 
to 2.0 U0 and only one reading is taken at each voltage level. The voltage sequence 






















Figure 3.8. Voltage sequence - protocol III (60 Hz). 
 
 
Different measurement equipments are used for each protocol and they are 
described below. 
For protocol I, the equipment is the Baur® PHD-TD/PD 80 (see Figure 3.9), its 
technical details appear in Table 3.5 and the test setup is shown in Figure 3.10. 
 
Table 3.5. Description of Tan δ equipment used for protocol I measurements. 
 
Voltage Range 1.0 to 57.0 kV (RMS) 
Zero Error 0.1×10-3 
Resolution 0.01×10-3 














Figure 3.10. Schematic of test setup for Tan δ protocol I measurements. 
 
 
For protocol II, the measurement equipment is the HV Diagnostics® TD-30 (see 






Table 3.6. Description of Tan δ equipment used for protocol II measurements. 
 
Voltage Range 0.0 to 23.0 kV (RMS)
Zero Error 0.2×10-3 
Resolution 0.1×10-3 
















For protocol III, the measurement equipment is the AVO/Biddle/Megger® Tan δ 
Bridge CB-605 (see Figure 3.13), its technical details appear in Table 3.7 and the test 
setup is shown in Figure 3.14. 
 
Table 3.7. Description of Tan δ equipment used for protocol III measurements. 
 
Voltage Range 0.0 to 100 kV (RMS) 
Zero Error 0.02×10
-3 on the 10-6 range 
2 digits on all other ranges 
Resolution 0.1 of the selected range 
Accuracy ±2% of reading ±0.02×10
-3 on the 10-6 range 














Figure 3.14. Schematic of test setup for Tan δ protocol III measurements. 
 
 
3.8.3 Laboratory Experimental Results 
The experimental results are classified by time dependence test, voltage 
dependence test, and discharge time dependence test. 
3.8.3.1 Time Dependence Test Results 
No change of Tan δ with time is observed for the non-aged cable samples. This is 
expected since their insulation should be free of water-tree degradation. In contrast, 
different time dependences are observed for the field-aged cables. Samples S-2, S-4, S-5, 
and S-6 show a time dependence while samples S-1 and S-3 do not. The difference in 
responses can be an indication of the level of water-tree deterioration in these cables; in 
fact, the responses can be a consequence of transient activity inside the water tree 
structure. As illustration, Figure 3.15 shows the time dependence test response for sample 
S-4. Similar results are observed for the other field-aged samples that show the largest 
variation during the first voltage application after the cable sample is de-energized for a 
long period of time. During subsequent voltage applications, the Tan δ shows some 























Figure 3.15. Tan δ time dependence test response of sample S-4. 
 
 
3.8.3.2 Voltage Dependence Test Results 
Overall Results 
Tables 3.8 to 3.10 show the overall results for protocol I, protocol II, and protocol 
III respectively. The mean Tan δ value and its associated standard deviation values are 
presented for protocols I and II while only Tan δ values are presented for protocol III. 
Samples S-2 and S-4 failed under protocol III testing. 
The mean and standard deviation for protocols I and II have been computed for all 
the Tan δ data at the particular test voltage level in the voltage sequence of the voltage 
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dependence test, e.g. the values of mean Tan δ and standard deviation in protocol I are 
calculated considering the four voltage applications at each test voltage level of 0.5, 1.0, 
and 1.5 U0. See Figure 3.6. 
 
Table 3.8. Voltage dependence test protocol I (0.1 Hz) results. 
 
Sample ID 
Mean Tan δ [1e-3], {Stdv.† [1e-3]} 
Voltage [U0] 
0.5 1.0 1.5 
S-4 2.53, {0.60} 8.36, {3.14} 19.42, {4.63} 
S-5 0.58, {0.02} 0.80, {0.07} 1.75, {0.70} 
S-6 1.13, {0.08} 2.60, {0.29} 5.61, {0.40} 
X-1 0.20, {< 0.01} 0.20, {< 0.01} 0.20, {< 0.01} 




Table 3.9. Voltage dependence test protocol II (0.1 Hz) results. 
 
Sample ID 
Mean Tan δ [1e-3], {Stdv.† [1e-3]} 
Voltage [U0] 
0.5 1.0 1.5 
S-1 0.6, {< 0.1} 0.6, {< 0.1} 0.6, {< 0.1} 
S-2 1.7, {0.4} 2.3, {0.4} 3.5, {0.3} 
S-3 0.6, {< 0.1} 0.6, {< 0.1} 0.6, {< 0.1} 
TR-1 0.2, {< 0.1} 0.2, {< 0.1} 0.2, {< 0.1} 
E-1 3.7, {< 0.1} 3.7, {< 0.1} 3.7, {< 0.1} 
N-1 1.9, {0.2} 2.2, {0.2} 2.0, {< 0.1} 
TR-2 0.2, {< 0.1} 0.2, {< 0.1} 0.2, {< 0.1} 














Table 3.10. Voltage dependence test protocol III (60 Hz) results. 
 
Sample ID 
Mean Tan δ [1e-3] 
Voltage [U0] 
0.5 1.0 1.5 2.0 
S-1 0.32 0.50 0.67 0.83 
S-2 0.50 0.86 1.07 1.19 
S-3 0.33 0.5 0.63 0.76 
S-4 0.71 1.47 - - 
S-5 0.67 1.39 1.83 2.10 
S-6 0.60 1.13 1.62 1.97 
X-1 0.10 0.11 0.11 0.11 
TR-1 0.17 0.17 0.17 0.17 
E-1 0.15 0.15 0.15 0.15 
N-1 1.50 1.75 1.57 1.35 
TR-2 0.17 0.17 0.17 0.17 
 
Results from Tables 3.8 to 3.10 indicate that, similarly to the time dependence 
test, no change of Tan δ with voltage is observed for the non-aged cables. The Tan δ 
values remain unchanged for all test voltage levels. This means that the insulation of 
these cables has a linear behavior without the presence of water trees. In other words, the 
measurements of Tan δ are reproducible; the repeated measurements give the same 
results within the ability of the measuring equipment to maintain reproducibility at 
constant humidity and temperature.  
Nevertheless, different voltage dependent responses are observed in Tables 3.8 to 
3.10 for the field-aged cables. Samples S-2, S-4, S-5, and S-6 show a voltage dependence 
while samples S-1 and S-3 do not. For those samples that show voltage dependence, a 
nonlinear behavior and changes in the values with time, for the particular test voltage 
level are also observed. The Tan δ increased with voltage while the changes with time 
represent the scatter in the measurements. The scatter is quantified in terms of a standard 
deviation. In addition, the values also depend on the voltage sequence; in particular, 
hysteresis is observed. This phenomenon is explained in more detail later in the Chapter. 
The increment in the dielectric loss with voltage for the field-aged samples in 
 71
Tables 3.8 to 3.10 can be explained by the current flowing inside the water tree 
structures, since it mainly depends on the water tree electrical conductivity and their 
density. The degree of nonlinearity is probably due to the length of the water trees. This 
phenomenon has also been reported in [44] in which the cable sample with the longest 
water tree has the larger nonlinear behavior with losses significantly higher than what is 
typically measured for a cable with resistive field grading splices. 
Tan δ and Partial Discharges 
It is also observed during the voltage dependence test that there is an effect of 
partial discharges on the measurements of Tan δ at VLF. This happens for at least two 
cases: corona at the terminations and partial discharges from large voids within the cable 
insulation. The first case may perturb the measurement in that the corona discharge 
current adds to the measured leakage current. Thus this may not really be considered as 
adding to the cable loss. Nevertheless, it does indicate the importance of ensuring 
discharge-free terminations when conducting any sort of measurement in the field.  
The second case is particularly observed for sample N-1. The presence of internal 
partial discharges for this sample is checked (using a partial discharge prescreening test) 
before Tan δ testing. Figure 3.16 shows the Tan δ as a function of voltage for sample N-1 
and compares it with the Tan δ as a function of voltage for sample TR-2, which did not 
have partial discharge activity. It can be observed that the presence of internal partial 
discharge increases the measured Tan δ value for new TRXLPE cables by an order of 
magnitude. If tested lengths of cable were to contain partial discharges, which often 





















Sample N-1 New WTRXLPE sample with Internal PD
Sample TR-2 Non-aged WTRXLPE sample without Internal PD
 
 
Figure 3.16. Effect of internal cable partial discharges on Tan δ measurements for new 
TRXLPE MV cables. 
 
 
VLF Results in Perspective 
In order to put the laboratory data at 0.1 Hz into perspective, a comparison is 
performed in Figure 3.17 between the Tan δ results and data reported in recent literature 
from Sweden [13], Canada [41], and Norway [44] for similar cable designs and 
laboratory tests similar to those considered in this thesis. The comparison uses only 
XLPE cable and testing voltages up to 2.0 U0. These results show that the Tan δ values 





























Figure 3.17. Comparison of Tan δ values from different countries, non-aged and field-
aged XLPE MV cables tested in the laboratory. 
 
 
Tan δ at VLF and Power Frequency 
The overall results for the voltage dependence test also allow for establishing the 
correlation between Tan δ values at the frequencies of 0.1 Hz and 60 Hz by sample and 
test voltage level. This correlation in Figure 3.18 shows that there is not a perfect 1:1 
correlation represented by the black dashed line. Nevertheless, there is some correlation 
that could be useful in translating diagnostic criteria from one frequency to the other. 
Moreover, the test voltage level seems not to have a major effect in the correlation. In 
addition, Tan δ values at 0.1 Hz are generally larger than those at 60 Hz because of the 
better sensitivity of 0.1 Hz Tan δ measurements as compared to 60 Hz. 
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Figure 3.18. Correlation between laboratory Tan δ measurements at different frequencies. 
 
 
3.8.3.3 Discharge Time Dependence Test Results 
Analysis of variance (ANOVA) is performed to quantify the significance of the 
discharge time on the variation of Tan δ values. ANOVA is similar to regression in that it 
is used to investigate and model the relationship between a response variable and one or 
more independent variables called factors. However, analysis of variance differs from 
regression in two ways: the independent variables are qualitative (categorical), and no 
assumption is made about the nature of the relationship. Table 3.11 shows the ANOVA 
results for protocol I. In this particular case, the response variable is the Tan δ value 
during the discharge time test for all the samples, and the factors are the sample ID and 
the discharge time. 
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Table 3.11. Analysis of variance (ANOVA) for discharge time dependence test. 
 
Source DF1 SS2 Adj SS3 Adj MS4 F-value P-value 
Sample 
ID 3 6144.40 6076.85 2025.62 2384.15 <0.001 
Discharge 
Time 5 15.55 15.55 3.11 3.66 0.003 
Error 315 267.63 267.63 0.85   
Total 323 6427.58     
1: Degrees of freedom, 2: Sums of squares, 3: Adjusted sums of squares, and 4: 




Results for P-values in Table 3.11 indicate that both factors are significant. The 
sample ID factor is more significant than the discharge time factor, i.e. P-values of less 
than 0.001 and 0.003 respectively. However, results also indicate (F-value) that the 
magnitude of Tan δ is more influenced by the sample ID factor and that only a marginal 
increase in Tan δ values is observed as the discharge time factor increases. This situation 
is illustrated in Figure 3.19 which shows the main effects plot of the ANOVA analysis of 
protocol I. This is the main reason why the discharge time dependence test has only been 
considered in protocol I. The main effects plot is a graph of means at the various levels of 





















Sample ID Discharge Time [sec]
 
Figure 3.19. Main effects plot of ANOVA analysis of protocol I (means plotted). 
 
 
3.8.3.4 Tan δ and Measurement Sequence 
One of the more important observations made during the experimental work is the 
effect of voltage sequence in the Tan δ values for the field-aged samples that show a time 
dependence and a voltage dependence. To illustrate this, results for sample S-4 are shown 
in Figure 3.20. The figure shows Tan δ values as a function of voltage application 
number for the time dependence, voltage dependence, and discharge time dependence 
tests. The Tan δ response has sudden changes after the first application of 1.5 U0. 
Considerable variation in the values is present during the test following this first voltage 
application, i.e. compare the values between voltage applications 1-5 and 10, 13, and 15 
after voltage application 8. This is an indication that the Tan δ values for 0.5 U0 and U0 
suffer from hysteresis after the application of the elevated voltage. The voltage level at 
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which this change occurs could be used as an indication of the severity of water-tree 
deterioration in the cable insulation. The results are in accordance with the results 
published by Hvidsten et al. [51] in which similar findings are reported. Nevertheless, 
more research work is required to support this conclusion. 
Another consequence of Figure 3.20 is that the voltage sequence during testing 
plays an important role; in particular, by properly selecting the voltage sequence, more 
information can be obtained about the behavior of Tan δ with voltage and even with time 
for a particular test voltage level. Information about this behavior could be used to 









































3.8.3.5 Tan δ Diagnostic Features 
When results from the laboratory experiments are considered as a whole, it is 
evident that there are a set of diagnostic features that can be used in order to characterize 
each cable sample from Tan δ measurements. The most attractive ones are as follows: 
• The Tan δ value as a function of voltage; particularly, the Tan δ value at each 
voltage level and changes from one voltage level to another (Tip-Up). In fact, 
this is the classical approach described in the IEEE Std. 400 [37]. 
• Another feature that could be potentially used is the variation over time for a 
particular voltage level. This variation can be quantified by the scatter in the 
measurements for the particular test voltage level. For instance, as it has been 
done in this thesis, the scatter can be quantified by using the standard 
deviation. Nevertheless, another measure of scatter could be used; e.g. 
interquartile range. This feature seems to have potential in enhancing the 
diagnostics. In fact additional work, reported in Chapter 4 and [52], shows 
that there is a clear correlation between this feature and the VLF breakdown 
performance of the field-aged cable samples. 
• Another potential feature that could be used is the test voltage level that 
causes the Tan δ value to suffer a sudden hysteretic effect. 
• The comparison between similar cables could also be useful for 
characterization. In particular, the field-aged cable samples showed different 
Tan δ behaviors even though they had been subjected to similar aging 
conditions during their service life. 
3.8.3.6 Time on Test and Preconditioning 
Regarding the time-on-test at each voltage level during the voltage dependence 
test, it has been found that 1 minute is enough time to capture most of the variation. This 
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is because most of the variation occurs at the beginning of each voltage change. If more 
variation is required, 2 minutes is a good choice; nevertheless, more than 5 minutes 
seems to be excessive unless the interest is on Tan δ time dependence rather than voltage, 
i.e. a Tan δ stability test. 
Furthermore, preconditioning of the cable sample before any voltage dependence 
test is recommended since this would minimize the effect of the sample being de-
energized for a long period of time. Particularly, results from the discharge time 
dependence test indicate that preconditioning for at least 10 minutes seems to be a good 
choice. 
3.9 Field Tan δ Measurements 
In this case, Tan δ measurements carried out in the field are considered. The 
testing is performed at one of the utilities participating in the CDFI project. Its name is 
not revealed here because of the confidential nature of the data. The utility decided to 
conduct Tan δ measurements on 25 kV, XLPE, jacketed, and direct buried cable system 
that initially operated at 15 kV and was upgraded to 25 kV in 2006. A considerable 
number of failures occurred after the upgrading and the utility seriously considered total 
replacement of the affected system. 
Approximately, 30,000 ft of cable is tested. Tan δ measurements are conducted at 
0.5, 1.0, 1.5 and 2.0 U0 of the new operating phase to ground voltage. Figure 3.21 shows 




























Figure 3.21. Tan δ field data cumulative distribution function. 
 
 
The results of Figure 3.21 show that if the values given by the IEEE Std. 400 
(Clause 8.4) [37] are considered for assessment, 64% of the cables are considered to be 
highly degraded, 16% to be aged, and only 20% is considered to be in good condition. 
These proportions seem to be extreme in the sense that a follow-up record of onsite 
failures after testing has been kept and to date no more failures have occurred. Similar 
results are obtained when evaluating the data using the Tip-Up criteria. This is an 
indication that the values as given for the standard are too conservative or that more 
diagnostic features are needed for an improved evaluation. 
3.10 Modified Tan δ Diagnostic Criteria 
The field data has revealed a way in which Tan δ values may be collected and 
compared to data collected using lower testing voltages. The conditioning and 
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comparison methods enable existing success criteria used at the higher voltages to be 
mapped or modified to lower levels, thereby providing the same level of previous 
discrimination, but delivering this at a lower test voltage. This significantly reduces the 
risk of failure under the test. The level of risk reduction may conveniently be estimated 
from an appropriately parameterized version of the well known Weibull equation [12]. 
 





























Figure 3.22. Correlation between Tan δ measurements from field testing at 2.0 U0 and 1.5 
U0 for modified diagnostic criteria. 
 
 
Figure 3.22 shows the correlation between Tan δ measurements from field testing 
at 2.0 U0 and 1.5 U0 for modified diagnostic criteria. The voltage of 1.5 U0 represents a 
lower risk of failure during testing to the cable system. The plot in Figure 3.22 shows a 
relationship between the data collected at the different voltages. The clarity of the plot is 
improved by adopting logarithmic scales which further facilitate the identification of the 
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relationship. In this case, the relationship is linear in logarithmic terms, but this need not 
be so. It is sufficient that the relationship is clear. 
The vertical lines represent the already established success criteria from the IEEE 
Std. 400 [37]. In the absence of the relationship, an engineer wishing to utilize the 
experience set out in IEEE Std. 400 [37] is constrained to test at 2.0 U0 This forces the 
engineer to accept a higher level of risk than he may be comfortable with. With the 
relationship, it is a straightforward procedure for the engineer to translate the success 
criteria from the higher voltage (1.2, 2.2, and 4 Tan δ values on the upper x-axis for 2.0 
U0) to a lower voltage (0.7, 1.3, and 2.3 Tan δ values on the right y-axis for 1.5 U0) thus 
reducing the risk. The same procedure can be followed using the Tip-Up values since the 
same relation have been observed, see Figure 3.23. 
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Figure 3.23. Correlation between Tip-Up for modified diagnostic criteria. 
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3.11 Summary and Conclusions 
This Chapter has discussed a number of issues that arise when using Tan δ 
measurements at VLF to characterize the insulation of non-aged and field-aged MV 
cables. The discussion has been based on data from laboratory experiments that consider 
time dependence, voltage dependence, and discharge time dependence tests for different 
test protocols. 
Results have indicated that there are a number of useful diagnostic features that 
can be used to characterize each sample. The features include Tan δ values, Tip-Ups, 
hysteresis, and most importantly, the scatter in the measurements for a particular test 
voltage level. The scatter has been quantified by using the standard deviation in the 
measurements. Nevertheless, other scatter metrics, such as interquartile ranges could also 
be used. 
The correlation between Tan δ values at different frequencies of 0.1 Hz and 60 Hz 
has also been presented. Results have shown that there is not a perfect 1:1 correlation. 
Nevertheless, there is some correlation that could be useful in translating diagnostic 
criteria from one frequency to the other. Moreover, Tan δ values at 0.1 Hz are generally 
larger than those at 60 Hz because of the better sensitivity of 0.1 Hz Tan δ measurements 
as compared to 60 Hz. 
In addition, the significance of the discharge time on the variation of Tan δ values 
has been quantified by performing ANOVA. Results have indicated that the discharge 
time is significant but the magnitude is insignificant when comparing samples. 
Regarding the time-on-test, it has been found that 1 minute is enough time to 
capture most of the Tan δ time variation for changes in test voltage level. If more 
variation is required to be captured, 2 minutes is a good choice. More than five 5 minutes 
seems to be excessive unless the interest is on Tan δ time dependence (i.e. Tan δ stability) 
rather than voltage dependence. 
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It has also been observed in the voltage dependence test that there is an effect of 
partial discharges on the measurements of Tan δ at VLF for at least two cases, corona at 
the terminations and partial discharges from large voids within the cable insulation. 
Particularly, the presence of internal partial discharges in new TRXLPE with voids inside 
the bulk insulation causes an increase in the measured Tan δ of an order of magnitude 
when compared to a new cable without internal defects. If tested lengths of cable were to 
contain partial discharges, this effect could complicate the diagnosis. 
Field Tan δ testing has also been conducted and the resulting data allows for 
reevaluation of diagnostic criteria in two ways. Firstly, this data indicate that existing 
values for diagnostic criteria are probably too conservative for the American cable 
designs. Secondly, the data also show that it is possible to map diagnostics criteria to 
lower test voltages, thereby reducing the risk of failure under test while maintaining the 
accuracy of assessment.  
Finally, the Chapter has shown that higher insulation losses, nonlinearities with 
voltage, hysteresis, and variation in voltage and time of Tan δ diagnostic measurements at 
VLF, are indicators that could be used to properly characterize the insulation and enhance 
the diagnosis. But most importantly, Tan δ can be considered a feature rich diagnostic 
tool when testing is performed in an appropriate way and data are analyzed correctly. 
The next Chapter shows how the Tan δ diagnostic features are correlated with the 




CORRELATION BETWEEN TAN δ DIAGNOSTIC 
MEASUREMENTS AND VLF BREAKDOWN PERFORMANCE 
4.1 Introduction 
In many practical situations only a portion of a cable may be degraded. In such 
situations, a method for localization of this degraded portion is desirable. One typical 
approach is to conduct an elevated voltage withstand test in order to fail, localize, and 
repair, the weakest portion of the cable, thus resulting in a more reliable future service 
performance. Therefore, the correlation between the dielectric response, measured here 
by Tan δ at VLF of 0.1 Hz and the future service performance is of paramount 
importance when improving existing or developing new diagnostic criteria. The 
correlation can be used as an evaluation parameter for Tan δ diagnostic measurements in 
the sense that cables with the poorest Tan δ behavior are expected to fail first. 
Establishing the correlation is not a simple task. On the one hand for field 
applications, determining the service performance requires a follow-up of service failures 
after returning each cable to service after testing. On the other hand, an alternative is to 
evaluate the service performance in the laboratory using a withstand test and assuming 
that the first cable to fail the withstand test would have been the first cable to fail after 
returning to service. This needs the suspect cable to be removed from service and taken to 
the laboratory. Therefore, establishing the correlation requires time and effort by the 
utility that translate to spent dollars. In addition, after the dielectric response and the 
service performance are known, there is no direct quantitative means of evaluating the 
correlation. 
Therefore, the work presented in this Chapter describes a laboratory test program 
conducted to establish the correlation between Tan δ diagnostic measurements at 0.1 Hz 
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and the VLF breakdown performance for MV cable samples. The samples are a uniform 
set of 15 kV, XLPE, service aged, unjacketed cables, and removed from the same service 
area. These samples therefore experienced similar operating conditions throughout their 
forty year service life. The samples are the same set of field-aged samples presented in 
Chapter 3. The test program includes Tan δ measurements at different voltage levels and 
a subsequent VLF withstand test to establish breakdown performance. This allows for the 
evaluation of risk-of-failure determined during VLF Tan δ testing. It is important to 
recognize the importance of the cable system as a whole. This includes cable, 
terminations, and joints; however, the work presented here limits itself to cable insulation 
only. 
4.2 Previous Work 
Several researchers have tried to correlate insulation dielectric measurements with 
the service performance of tested cable samples. On the one hand, the dielectric 
measurements have included Tan δ at 0.1 Hz or power frequency, polarization or 
depolarization currents, and recovery voltage. On the other hand, the service performance 
has been characterized by performing a withstand test typically at power frequency and 
impulse test voltages. The literature review presented in this section only focuses on the 
use of Tan δ as insulation dielectric measurement. The more relevant efforts in 
correlating Tan δ measurements with power frequency or impulse breakdown voltages 
are shown in the next paragraphs. 
Yamaguchi et al. [45] have developed a new type of insulation diagnostic system 
for XLPE MV power cables that makes automatic measurements of the Tan δ at power 
frequency and the DC leakage current. More importantly, the authors have also presented 
the correlation between the measured Tan δ and the AC breakdown performance for aged 
6 kV XLPE cables. Their results have shown that the breakdown voltage of these cables 
decreases with increasing Tan δ. In addition, the authors have also demonstrated that the 
 87
Tan δ magnitude increases with increasing maximum water tree length. Similar findings 
have also been reported by Ohata et al. [53] for a 22 kV XLPE cable. 
The area of VLF withstand testing has been further advanced by Eager et al. [54]. 
They have described a methodology that is used to establish the voltage magnitude and 
duration of 0.1 Hz withstand field tests for MV XLPE cables. Results have shown that 
the breakdown voltage of laboratory-aged XLPE cable samples at 0.1 Hz is 
approximately equal to that at 60 Hz. In addition, the authors indicate that the VLF 
withstand test causes little damage to the cable insulation as compared to DC testing in 
the sense that only the weakest portion of the cable under test is damaged during the test. 
The paper has presented preliminary values of voltage magnitude and time duration that 
have been taken into account in the present IEEE Std. 400.2 [34]. However, the 
investigation has not considered the correlation between the breakdown performance and 
any diagnostic measurement. 
In addition, Kuschel and Kalner [55] have presented dielectric response 
measurements that have included Tan δ at 0.1 Hz, depolarization current, and recovery 
voltage for different aged and non-aged MV XLPE cables. The dielectric response 
measurements have been compared with results of an AC (60 Hz) extended-step 
withstand test. Even though the comparison is presented, no clear correlation has been 
observed neither quantified. However, the correlation has been graphically established 
here. Figure 4.1 shows the correlation between Tan δ magnitude at U0 and the AC 
breakdown voltage for 12 kV-XLPE cables. As seen in the figure, in general cables with 
higher Tan δ magnitudes have shown poorer breakdown performance. 
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Figure 4.1. Correlation between Tan δ (U0) and AC (60 Hz) breakdown voltage [55]. 
 
 
The work by Hvidsten et al. [46, 51, 56-57] has clearly shown that there is a 
correlation between the Tan δ in the frequency range of 0.01 Hz to 10 Hz and the AC 
breakdown performance for MV XLPE cables. In particular, in [51] the authors have 
shown that cables having a breakdown performance of 4 U0 or greater, where U0 is the 
phase-to-ground rated voltage, do not show any signs of insulation deterioration. 
However, cables with a breakdown performance of 3 U0 or lower are distinguished by the 
Tan δ measurements. In addition, the paper has indicated that cables with water trees 
bridging the insulation have breakdown voltages ranging from U0 to about 3 U0. 
Moreover, the correlation between the breakdown voltage for lightning impulse 
test and Tan δ at 0.1 Hz for MV XLPE cables has been reported by Werelius [13]. In 
particular, Figure 4.2 shows the correlation between Tan δ magnitudes at 0.5 U0 and the 
impulse breakdown voltage for 6 kV-XLPE cables. As seen in Figure 4.2, Werelius has 
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shown that higher Tan δ values are correlated with lower impulse breakdown voltages. 
 



























Figure 4.2. Correlation between Tan δ (0.5 U0) and impulse breakdown voltage [13]. 
 
 
Additionally, at the present time there is no clear correlation between changes in 
Tan δ with voltage (i.e. Tip-Up) and the breakdown performance. It is clear that an 
understanding of this correlation could enhance the diagnosis. 
In summary, research efforts by others have shown that there is a correlation 
between Tan δ measurements at different frequencies and the breakdown performance at 
power frequency and impulse test voltages. However, no work has been reported 
considering VLF breakdown voltages. In addition, the efforts have been mainly focused 
on PE based insulation and Tan δ magnitude. There is currently no research effort 
reporting on a correlation between other Tan δ diagnostic features such as Tip-Up or 
scatter with any breakdown voltage type. It is evident that additional work is required for 
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a better understanding and quantification of the correlation, different insulation materials, 
and additional diagnostic features. 
4.3 Tan δ Measurements at VLF 
The Tan δ measurements considered here are the measurements performed for the 
field-aged samples that are presented in Chapter 3. From Chapter 3, testing protocols I 
and II are considered, the protocols use 0.1 Hz and only the voltage dependence test for 
voltages of 0.5, 1.0, and 1.5 U0 is considered. All samples are tested in a controlled 
environment in terms of humidity and temperature. The humidity is kept below 80 % 
non-condensing and the temperature is maintained at around 18º C with changes allowed 
only up to ±3º C. The voltage magnitude applied to the samples during the voltage 
dependence test consists of a sequence of voltage steps, each with 1 minute duration. The 
sequences are designed in order to assess the effect of the repeated voltages in the 
reproducibility of Tan δ measurements, as shown in Figures 3.6 and 3.7 for protocols I 
and II respectively. 
 
Table 4.1. Tan δ and standard deviation (Stdv.) measurements results. 
 
Sample ID 
Mean Tan δ [1e-3], {Stdv. [1e-3]} Voltage  
Dependence  
Test Protocol 
Test Voltage Level [U0] 
0.5 1.0 1.5 
S-1 0.6, {< 0.1} 0.6, {< 0.1} 0.6, {< 0.1} 
II S-2 1.7, {0.4} 2.3, {0.4} 3.5, {0.3} 
S-3 0.6, {< 0.1} 0.6, {< 0.1} 0.6, {< 0.1} 
S-4 2.5, {0.6} 8.4, {3.1} 19.4, {4.6} 
I S-5 0.6, {<0.1} 0.8, {<0.1} 1.8, {0.7} 




Table 4.1 shows the overall results of the voltage dependence test of the two 
protocols. The mean Tan δ magnitude and its standard deviation (Stdv.), at the particular 
test voltage level, are presented. They are computed considering all Tan δ data at the 
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particular test voltage level, e.g. they are calculated considering the four voltage 
applications at each test voltage level of 0.5, 1.0 and 1.5 U0 for protocol I (see Figure 
3.6). For convenience, all the values are rounded to one decimal digit. 
Table 4.1 shows the different voltage dependent responses of the samples tested 
in both protocols. Samples S-2, S-4, S-5, and S-6 show voltage dependence while 
samples S-1 and S-3 do not. Those samples that show voltage dependence also display 
nonlinear behavior with changes in voltage and time variability. 
From Table 4.1, there are several features that can be used to characterize each 
sample by its Tan δ diagnostic measurements. The most attractive features are the Tan δ 
magnitude as a function of voltage, Tip-Up, and scatter in the measurements for a 
particular test voltage level. Here the scatter is quantified by the standard deviation; 
however, another scatter metric such as range or interquartile ranges could also be used. 
In addition, the comparison between similar cables could also be useful for feature 
characterization since the samples have different Tan δ behaviors even though they have 
been subjected to similar aging conditions during their service life. 
4.4 Breakdown Performance and Correlation with Tan δ Results 
4.4.1 VLF Extended-step Withstand Test 
This part of the study is conducted in two stages. First, an assessment of the 
breakdown strength under VLF conditions at voltage levels up to 3 U0 is conducted and, 
second, a post-mortem examination of the cables for water treeing, electrical treeing, and 
other defects is performed. The VLF extended-step withstand test is selected as no 
evidence is found in the literature about the application of this test in conditions similar to 
the ones described here. In addition, the test allows for the evaluation of failure risk 
during testing for the particular cable population under study. Four of the samples in 
Table 4.1 are subjected to this test and failed at various voltages and times as shown in 
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Figure 4.3. 
Samples S-2 and S-4 failed under the 60 Hz Tan δ testing; therefore, their 
breakdown performance is assumed to be the voltage level during testing at which they 
failed. This assumption is supported by the literature which shows that the breakdown 
value of XLPE field-aged MV cables at 0.1 Hz is approximately equal to the breakdown 






























conditions of RMS test voltage and time
Diamonds indicate specific failure
 
Figure 4.3. VLF withstand breakdown performance. 
 
 
Figure 4.4 shows the failures for sample S-3 during the VLF extended-step 
withstand test and illustrates the smoke and waves in the water surface that are generated 




Figure 4.4. VLF extended-step withstand test – failure of sample S-3. 
 
 
Analysis of the breakdown voltage indicates that it follows a standard Weibull 
model. The probability plot of the Weibull model fitting is shown in Figure 4.5. 
Specifically, Figure 4.5 shows the probability of failure in percent for the VLF extended-
step withstand test as a function of the breakdown voltage. As seen in the figure, the 
failure data lie on a single straight line. This indicates that the breakdown is driven by a 
single failure mechanism [12]. Thus it is possible to conclude that if any highly degrading 
mechanism operates, it will do so at stresses higher than those used here, i.e. more than 3 
U0. This is of practical interest as the IEEE Std. 400.2 [34] gives a voltage range (VLF) 















































Weibull - 95% CI
CI: Confidence Interval
 
Figure 4.5. VLF breakdown performance of field-aged cable samples. 
 
 
The analysis of Figure 4.5 makes it possible to determine the risk of failure during 
any application of elevated VLF (0.1 Hz) voltage. This is important since it has been 
shown by Moh [58] that the risk of failure, during the application of elevated VLF 
voltage for XLPE-33 kV cables, is around 10 % for a 60 minutes constant stress 
withstand test. Moreover, Mho [58] has also shown that approximately 70 % of the 
failures during test occur in the first 12 minutes of testing. Therefore, for any Tan δ test 
that considers the application of an elevated VLF voltage, the risk of failure during 
testing is an important variable that have to be taken into account. This is due to the fact 
that in the ideal case, the Tan δ test should be performed without posing any risk of 
failure to the cable under test. 
In Figure 4.5, when comparing the probability of failure at 2 U0 to that at U0 it is 
observed that there is a significant reduction in the risk of failure. In fact, this reduction is 
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one order of magnitude (from 29.55 % at 2 U0 to around 2.67 % at U0) for this particular 
cable population. The two cable samples that failed under 60 Hz Tan δ testing (S-2 and S-
4) are included in this analysis as censored data. Here the assumption is that these two 
samples would have failed at a voltage level lower than the minimum observed VLF 
breakdown voltage for sample S-5, if they had been exposed to this test. 
4.4.2 Progressive Stress Test 
The probability of failure in Figure 4.5 can also be considered as the result of a 
progressive-stress test in which a linear rate of VLF withstand voltage rise is applied to 
the cable samples. The voltage applied to the samples is not linear, but it can be 
approximated to a ramp using the least-squares linear regression fit and forcing the ramp 
line to go through zero at the beginning of the test. Figure 4.6 is the same as Figure 4.3 
but Figure 4.6 shows the linear approximation that is represented by the dashed black 
line. The approximation gives a rate of increase of 0.4 U0 per hour. In other words, it will 
take approximately five hours at this rate to increase the RMS test voltage from zero up 































Voltage [Uo] = 0.4 * Time [h]
Least-squares linear regression fit
 
Figure 4.6. Linear ramp approximation of the VLF extended-step withstand test. 
 
 
The probability of failure under a progressive-stress test can be equated to the 
probability of failure under a constant-stress condition. This is important because by 
equating the probabilities, an estimation of the breakdown performance can be made of 
the cable population under consideration at constant-stress. The estimate gives an 
indication of how long the samples would withstand a constant-stress test. If the 
breakdown threshold voltage is assumed as zero, the breakdown time under constant-









t : Estimated breakdown time under constant-stress test in hours, 
a : Shape parameter of the Weibull model breakdown time, 
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b : Shape parameter of the Weibull model breakdown voltage, 
V : Voltage rate change from progressive-stress test in U0/hour, 
BV : Characteristic breakdown voltage chosen from initial progressive-stress 
voltage Weibull analysis in U0, 
V : Equivalent voltage at constant-stress voltage test in U0. 
Values of the a and b parameters have been deduced from the literature [12] for 
polyethylene-based insulation and water-tree degradation. In this case, the a parameter is 
1.7, the value of b is between 3 and 7. These parameters are related to the common 
inverse power law (IPL) exponent (n = b/a) [12]. The IPL exponent is strongly related to 
the electrical aging field. The values of a and b used here for the degraded portion of the 
tested cable samples relate to the n exponent in the range of 2 and 4. The exponent of the 
un-degraded portions of the tested cable samples is expected to be higher and could 
approach a value of n=10 [12]. 
To compute the estimated breakdown time during a constant-stress test, monte-
carlo simulations have been performed by considering that the b parameter is uniformly 
distributed between the above limits (3 and 7). Another parameter that contains 
uncertainty is the characteristic breakdown voltage chosen from the initial progressive-
stress voltage. For this parameter, the upper and lower limits are determined using a 95 % 
confidence interval during the initial test.  
Figure 4.7 shows the mean estimated breakdown time at constant-stress for 
different percentages (10, 50, and 95) of failed samples from the simulations. The level of 
1.84 U0 corresponds to the suggested VLF withstand test voltage magnitude in IEEE Std. 






































Figure 4.7. Estimated mean time to breakdown for constant-stress withstand test. 
 
 
As seen in Figure 4.7, at least 13.40 hours are required to have 95 % of expected 
failures, 5.50 hours are required to have 50 % of expected failures, and 1.75 hours are 
required to have 10 % of expected failures for this particular population. The usefulness 
of the time-voltage analysis is that it allows for an estimate of the time-to-breakdown at 
constant-stress and percentage of failures. Thus, for this particular cable population, the 
utility may select a 2 hour test at 3 U0 with an expectation of 50 % of failures during the 
test. 
4.4.3 Correlation with Breakdown 
This study also considers the correlation between Tan δ diagnostic features and 
VLF breakdown performance. The Tan δ measurements, used here to establish the 
correlation, are the values from the voltage dependence test as shown in Table 4.1. 
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Figure 4.8 shows the correlation between the mean Tan δ magnitude at 1.5 U0 and 
the VLF breakdown performance. The Tan δ at 1.5 U0 is selected to establish the 
correlation since the differences in Tan δ magnitude between cable samples for this 
particular test voltage level are maximum. In Figure 4.8, the dots correspond to the field-
aged samples that failed during the VLF extended-step withstand test while the squares 
correspond to the samples that failed during the 60 Hz Tan δ test. This also holds for 
Figure 4.9 and Figure 4.10. 
 

























Figure 4.8. Correlation between Tan δ at 1.5 U0 and VLF breakdown performance. 
 
 
Figure 4.9 shows the correlation between the mean Tan δ Tip-Ups for 0.5 U0 and 
the VLF breakdown performance. The Tip-Ups have been quantified as the mean values 
of the Tan δ changes with voltage from 0.5 U0 to U0 and from U0 to 2.0 U0 (see Table 
4.1). 
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Figure 4.9. Correlation between Tip-Up of 0.5 U0 and VLF breakdown performance. 
 
 
Figure 4.10 shows the correlation between the scatter of Tan δ measurements at 
1.5 U0 and the VLF breakdown performance. The scatter has been quantified here by the 
standard deviation of the measurements for the particular test voltage level. Nevertheless, 
other scatter metrics such as interquartile ranges could also be used. In addition, it is 
important to mention that no attention has been given to the scatter direction. The scatter 
direction involves how the Tan δ values change in time, i.e. whether the values increase, 
decrease, or both, for the time period under consideration. 
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Figure 4.10. Correlation Tan δ scatter at 1.5 U0 and VLF breakdown performance. 
 
 
Results from Figure 4.8 to Figure 4.10 show that there is a correlation between 
Tan δ measurements and the VLF breakdown performance. Inspection of the figures 
suggests that the Tan δ magnitude and Tip-Up show similar results in the correlation 
while the scatter of the measurements gives a better correlation. The good correlation 
between the scatter and the breakdown performance reveals yet more evidence that this 
additional parameter could be used to characterize and enhance the diagnosis of cable 
insulation by Tan δ measurements. In addition, results also show that the cable samples 
with a breakdown voltage of 2.7 U0 or more do not show any insulation deterioration 
from the Tan δ measurements. However, cables with a breakdown level lower than 2 U0 
can be characterized by Tan δ diagnostic measurements. 
In addition, Figure 4.11 shows the comparison between correlations for the 
different breakdown voltage types; in particular, the correlations for impulse and AC (60 
 102
Hz) breakdown voltages correspond to the data presented in Section 4.2 as previous work 
while the correlation for VLF (0.1 Hz) considers the Tan δ magnitude at U0 and 
























Impulse - After Werelius [13]
AC (60 Hz) - After Kuschel and Kalner [55]
VLF (0.1 Hz) - This research
Breakdown Voltage Type
 
Figure 4.11. Comparison between correlations of Tan δ and breakdown performance for 
different breakdown voltage types. 
 
 
As seen in Figure 4.11 for all breakdown voltage types, cables with higher Tan δ 
show a poorer breakdown performance. In general, it can also be observed that the 
breakdown voltages are the highest for impulse breakdown, the lowest for VLF (0.1 Hz) 
breakdown, and in between for AC (60 Hz) breakdown. This may be due to the frequency 
components of the breakdown voltage type. Consequently, the higher the frequency of 
the breakdown voltage the lesser time the cable at its weakest location is able to dissipate 
heat coming from insulation losses; thus the “thermal instability” process is more likely 
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to occur. The relationship between the decrease in breakdown voltage and an increase in 
frequency is termed frequency acceleration. Previous work has shown that frequency 
accelerated tests exhibit a good inverse power law fit over twelve orders of magnitude of 
effective frequency-accelerated lifetimes [12]. 
4.4.4 Performance Ranking of Tan δ Diagnostic Measurements 
The previous section showed that there is a correlation between features of Tan δ 
data and the VLF breakdown performance. However, a question that can be raised is 
which one of the Tan δ features, i.e. Tan δ magnitude, Tip-Up, or scatter (standard 
deviation), has the best correlation with the VLF breakdown performance. In other 
words, which of the features relate in the best way possible to the breakdown 
performance. Thus, the correlation has to be evaluated. Before explaining in details the 
performance ranking technique, the issue of modeling of thermal breakdown processes is 
presented in the next paragraphs. 
All breakdown processes in solid dielectrics are ultimately thermal breakdown 
processes in nature in the sense that the creation of the breakdown channel involves the 
melting and vaporization of the dielectric. It is well established that aged or un-aged 
XLPE shows increasing electrical conductivity and decreasing thermal conductivity as 
the temperature increases [12]. The increase in temperature is related to the amount of 
power absorbed by the dielectric. From Equation 3.2, this power absorption is directly 
proportional to the Tan δ magnitude. Consequently, higher Tan δ represent higher power 
absorption and increase in temperature. The increase in temperature causes and increase 
in the Tan δ and the process repeats itself leading to “thermal instability” as described in 
Section 3.1. 
Therefore, it is expected that cables having higher Tan δ magnitudes would 
exhibit poorer breakdown performances, since the “thermal instability” is more likely to 
happen at the weakest location of the cable [12]. In fact in a deterministic and simplistic 
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modeling, the relationship between the Tan δ magnitude and the breakdown performance 
can be established by assuming that the breakdown performance is inversely proportional 
to the Tan δ magnitude [12]. The correlation would be completely established if the 
model is known. Nevertheless, models currently available are not completely developed 
and the failure statistics are not sufficient to estimate the level of degradation and the 
remaining life because the models do not take into account the temperature, stress, aging, 
ambient conditions, and mechanical stress variables during the cable service life; and 
even if the model would have considered these variables, in most cases they are unknown 
anyway. Therefore, establishing and evaluating the correlation between the Tan δ 
diagnostic features and the VLF breakdown performance without knowing all relevant 
variables is not feasible.   
However, the establishment and evaluation of the correlation can be accomplished 
using the performance ranking technique [59-60]. This technique has been developed by 
the CDFI as a means of evaluating the effectiveness of diagnostic testing by comparing 
diagnostic data with real world performance; i.e. situations in which the relevant 
variables are unknowns. In this work, the effectiveness of the diagnostic is represented by 
the different features of Tan δ data, and the real world performance is represented by the 
VLF breakdown performance. The technique provides a quantitative measure of the 
correlation and level of significance for the feature under evaluation. 
Table 4.2 shows features of Tan δ data, breakdown level, and frequency of the 
breakdown voltage used for the performance ranking procedure. 
In Table 4.2, diagnostic ranks have to be assigned to the features of mean Tan δ 
magnitude at 1.5 U0, Tip-Up for 0.5 U0, and standard deviation of the Tan δ at 1.5 U0. In 





















S-1 2.7 (0.1) 0.6 <0.1 <0.1 
S-2 1.7 (60) 3.5 0.6 0.3 
S-3 3.0 (0.1) 0.6 <0.1 <0.1 
S-4 1.5 (60) 19.4 5.8 4.6 
S-5 1.5 (0.1) 1.8 0.2 0.7 




The diagnostic ranks are simply assigned by considering the value of the feature 
under consideration. For example, if the mean magnitude of Tan δ at 1.5 U0 is 
considered; then, the cable sample that has the highest value (S-4) is selected as the 
poorest performer. Thus, it is assigned the rank of one. The procedure continues until the 
best performer is identified and this one is assigned a rank of six. The same procedure is 
repeated for the other diagnostic features.  
Unfortunately, in some cases there is not enough information to differentiate 
between samples. For instance, samples S-1 and S-3 are tied even after considering 
additional cable and test information. Therefore, the tie cannot be broken. This 
unbreakable tie generates two cases: case 1 considers S-3 as the best performer and case 
2 considers S-1 as the best performer. 
The performance rank is determined by considering the breakdown level in the 
same way as for the diagnostic ranks, i.e. the sample with the lowest breakdown level is 
considered to be the poorest performer; thus, it gets assigned rank of one. Similarly, the 
sample with the highest breakdown performance is considered as the best performer and 
is assigned a rank of six. In this case, as can be observed in Table 4.2, two samples (S-4 
and S-5) share the lowest breakdown level. This tie is broken by considering additional 
test information such as time and sequence to failure. Subsequently, sample S-4 is the 
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poorest performer since, as mentioned previously, it failed during 60 Hz Tan δ testing, 
which was conducted prior to the VLF withstand test. 
 














case 1 case 2 case 1 case 2 case 1 case 2 
S-1 5 5 6 5 6 5 6 
S-2 3 3 3 3 3 4 4 
S-3 6 6 5 6 5 6 5 
S-4 1 1 1 1 1 1 1 
S-5 2 4 4 4 4 2 2 




The diagnostic and performance ranks are shown in Table 4.3 for both case 1 and 
case 2. After the ranks have been established, they may be analyzed either graphically 
(qualitatively) or statistically (quantitatively).  
In the qualitative analysis, a plot of the diagnostic rank versus the performance 
rank is generated. For example, Figure 4.12 shows the resulting performance ranking plot 
for the Tan δ standard deviation (at 1.5 U0) diagnostic rank and the breakdown 
performance rank for case 1. The accuracy of the diagnostic test feature is directly related 
to how far from the dashed line the dots are in Figure 4.12. 
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Level of significance = 0.005
Pearson correlation coefficient = 0.943
 
Figure 4.12. Performance ranking plot for Tan δ Stdv. rank and breakdown performance 
rank – case 1. 
 
 
Figure 4.12 is to be interpreted as follows: the samples in the lower left corner are 
the worse performers, i.e. they have lower breakdown levels and diagnostic features that 
indicate a worse condition when compared to the other cable samples in the group. In 
contrast, the upper right corner in Figure 4.12 contains the better performers, i.e. the ones 
that have higher breakdown and diagnostic features that indicate a better condition when 
compared to the other cable samples in the group. The dashed line can be thought of as 
the perfect correlation between the performance and diagnostic ranks. In other words, if 
the diagnostic feature under analysis is able to rank the samples in the same way as the 
performance rank; then, all the dots in Figure 4.12 would be exactly on the dashed line. 
Therefore, the most suitable statistical approach to quantitatively evaluate the correlation 
is to examine the Pearson correlation coefficient between the Tan δ diagnostic feature 
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ranks and the breakdown performance ranks [60]. 
In the quantitative evaluation, the Pearson correlation coefficient and level of 
significance between all the diagnostics ranks and all the performance ranks are 
computed, and results are shown in Table 4.4. For example, if the Tan δ standard 
deviation at 1.5 U0 diagnostic rank is considered for case 1, the Pearson correlation 
coefficient is 0.943 which is significant at the 0.005 level. Therefore, these results would 
only occur randomly with a probability of less than 0.5%. 
 














Mean Tan δ 
(1.5 U0) 
0.771 0.072 0.714 0.111 
Tip-Up 
(0.5 U0) 
0.771 0.072 0.714 0.111 
Tan δ Stdv. 
(1.5 U0) 




A further analysis of Table 4.4 reveals that the Tan δ standard deviation 
diagnostic feature has the highest correlation with the breakdown performance, and it is 
also the most significant. These results again show the importance of considering this 
new feature in the diagnosis of XLPE cable insulation by Tan δ at VLF.  
Finally, it is important to note that another possible way of obtaining the 
performance rank is to consider the time-to-failure rather than the breakdown voltage 
level. The ideal situation would consider these two parameters at the same time in order 
to obtain a combined performance rank. This could be especially useful for breaking ties 
in the case of a large number of samples under evaluation. For example, if two or more 
samples fail during the withstand test at the same voltage level then the time-to-
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breakdown could be used to break the tie caused by determining the rank by only 
considering the breakdown voltage level. 
4.5 Postmortem Examination  
After the VLF withstand test is performed, the failure sites are located and cut out 
of the samples. Six cuts are analyzed. Each cut is approximately 0.91 m (3 ft) long with 
the failure site located at the center of the sample length. All the cuts for the samples that 
failed during the VLF withstand test are shown in Figure 4.13. For each cut, the failure 
site is located in the middle of the green-tape marks. 
The cuts are subjected to two tests. First, a failure site examination test is 
conducted in which insulation wafers of the failure site are examined for the cause of 
failure. Second, a hot-oil examination test is conducted in which the remainder of the cut 
is simmered in hot-oil until the insulation becomes translucent. Then, the insulation is 




Figure 4.13. Failure site cuts for the samples that failed during the VLF withstand test. 
 
 
The failure site examination test did not reveal the cause of failure for any of the 
samples. However, the hot-oil examination test showed that most of the samples 
exhibited water-tree sites or other irregularities. Therefore, the cause of failure is more 
likely a water-tree related failure mechanism. In addition, it should be noted that for the 
two samples that did not show signs of degradation (S-1 and S-3), the failure channel is 
narrow, thus causing little damage to the insulation. In fact, sample S-3 was defect-free 
according to the hot-oil examination. On the other hand, for the remaining samples that 
showed signs of degradation, the insulation damage is extensive. This could be an 
indication that for the latter case the failures are due to much larger water trees, i.e. the 
thermal “run-away” process is more extensive.  
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Figure 4.14 shows defects found in the analysis of failure sites. Figure 4.14 (a) 
shows a 2.74 mm (108 mil) bow-tie water tree growing from a 0.25 mm (10 mil) 
contaminant for sample S-4; Figure 4.14 (b) shows a 0.56 mm (22 mil) contaminant at a 
visual water-tree site location for sample S-4; and Figure 4.14 (c) shows a typical water-
tree site as viewed in the hot-oil examination test for sample S-6. Sizing of the trees is 
performed with a LEICA® MZ9.5 stereo zoom microscope. A LEICA® MZ16 stereo 
zoom microscope and a POLAROID® DMC digital camera are used to capture images of 




(a) A 2.74 mm (108 mil) bow-tie water tree growing from a 0.25 mm (10 mil) 
contaminant (sample S-4). 
(b) A 0.56 mm (22 mil) contaminant at a visual water tree site location (sample S-1). 
(c) A typical water tree site as viewed in the hot-oil examination  test (sample S-6). 
 






4.6 Summary and Conclusions 
This Chapter has described a laboratory test program conducted to investigate the 
correlation between Tan δ diagnostic features and the VLF breakdown strength for MV 
XLPE cables. The Tan δ diagnostic features include the mean Tan δ magnitude, the Tip-
Up, and the scatter in the Tan δ measurements for a particular test voltage level. The 
sample set is a uniform group of service aged 15 kV, XLPE, unjacketed cables, removed 
from the same utility service area, and having experienced similar operating conditions 
for almost four decades. This is important in the sense that comparisons between these 
samples can be made without regard to cable design and aging conditions. The test 
program has included Tan δ measurements at different voltage levels and subsequent 
VLF extended-step withstand test to breakdown. 
It has been found that there is a correlation between the Tan δ diagnostics features 
and the VLF breakdown performance. This is important in the sense that the correlation 
between the Tan δ diagnostic features and the breakdown performance has only been 
previously established for impulse and AC breakdown voltages and mainly considering 
the Tan δ magnitude as diagnostic feature. Results have shown that in general the VLF 
(0.1 Hz) breakdown performance is the lowest when compared to impulse and AC (60 
Hz). 
More importantly, the Chapter has introduced the use of a new diagnostic feature 
that takes into account the scatter in the Tan δ measurements for a particular test voltage 
level. The scatter has been quantified using the standard deviation. It has been shown that 
the cable insulation condition can be assessed using this new feature since more scatter in 
the measurements implies a lower breakdown voltage. 
The Chapter has also introduced the application of a new method called 
performance ranking. This method has been able to quantitatively evaluate the correlation 
between each diagnostic feature and the breakdown performance. Results indicate that 
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the scatter in the measurements is the feature that is most correlated with the breakdown 
performance for the cable population under study. 
Further investigations such as Weibull breakdown performance and time-voltage 
analysis have also been presented. The Weibull breakdown performance results have also 
allowed for evaluation of the risk of failure during testing. A considerable reduction of 
one order of magnitude in the risk of failure has been observed when the testing voltage 
is reduced from 2 U0 to U0. Therefore, it is clear that testing at lower voltages is 
desirable. 
Time-voltage analysis under constant-stress has been estimated from breakdown 
results of the progressive-stress test. The estimation has been done using Monte Carlo 
simulations considering typical Weibull models parameters found in the literature for 
water-tree degradation regarding time and voltage to breakdown. The usefulness of the 
time-voltage analysis is that it enables the estimation of the time to breakdown at 
constant-stress and percentage of failures. 
Finally, failure site and hot-oil examinations have also been performed. The 
failure site examination test has not revealed the cause of failure for any of the samples. 
Nevertheless, the hot-oil examination has shown that most of the samples have water-tree 
sites and other irregularities. Therefore, the possible cause of failure is more likely to be a 
water-tree related failure mechanism. 
The Tan δ versus cable segment length models and the deployment of Tan δ 




ANALYSIS AND DEPLOYMENT OF TAN δ DIAGNOSTIC 
FEATURES 
5.1 Introduction 
It has been shown in Chapter 4 that for Tan δ measurements, the cable system 
insulation can be modeled by an approximate or basic equivalent circuit that consists of 
two elements connected in parallel; a resistor and a capacitor. Unfortunately, this model 
does not consider real situations such as non-uniform degradation or neutral issues, all of 
which can lead to an incorrect assessment if their effects are not considered in the 
modeling.  
Therefore, this Chapter explores the importance of modified equivalent circuits 
that are able to consider the non-uniform degradation and neutral issues for Tan δ 
measurements in order to study and identify useful diagnostic features and indicators that 
may lead to an enhanced diagnosis. 
More importantly, the Chapter introduces a new approach for condition 
assessment of MV power cables using combined diagnostic technologies. This 
combination includes time domain reflectometry (TDR), VLF Tan δ measurements, and 
VLF-Tan δ monitored withstand. The approach considers the deployment of Tan δ 
diagnostic features in field testing applications of PE-based MV cable systems of 15 and 
25 kV which include HMWPE, XLPE, and TRXLPE insulation materials. The condition 
assessment is accomplished by performing an evaluation process that uses diagnostic 




5.2 Time Domain Reflectometry (TDR) 
Because of its ease of use, cost, and simplicity in identifying cable segment 
configuration and basic problems, the usefulness of TDR in the work presented here is 
that the TDR is used and proposed as one of the initial steps for any cable condition 
assessment in the field using Tan δ at VLF (0.1 Hz) measurements. Specifically, the 
greatest value of TDR lies in its ability to identify neutral issues such as loss of neutral or 
poor contact between the insulation shield and neutral wires. This is important since the 
identification of these issues combined with other tools such as visual inspection of the 
cable segment, cable segment history, and Tan δ versus length models, aids in improving 
the cable condition assessment as illustrated later in the Chapter. 
The basic low voltage TDR system works essentially like a radar system. It 
mainly consists of a fast rise-time pulse generator and a high speed recording 
oscilloscope as shown in Figure 5.1. 
 
Figure 5.1. Basics of a low voltage TDR test. 
 
 
In Figure 5.1, the pulse that is sent by the fast rise-time pulse generator, or 
incident pulse, travels through the cable that has a characteristic impedance Z0. If at some 
point along the cable length there is a joint with characteristic impedance Z1, a portion of 
the travelling pulse is reflected back to the TDR unit where it is recorded by the 
oscilloscope. The sent pulse keeps travelling to the far end of the cable segment where a 
portion of the pulse is reflected back to the near end because of any other impedance 
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mismatch along the cable segment. The reflected pulse components are positive or 
negative depending on whether the impedance is more or less than the characteristic 
impedance (Z0) of the cable.  
Subsequently, the sent pulse and its reflections are plotted against time on the 
display of the instrument. Since calibrations can be performed to determine the speed of 
the pulse in the cable, the distance to the far end of the segment can be determined. The 
location of the impedance mismatches can be determined in the same way as the far end 
of the cable segment. In this case, shapes of reflected pulses help to determine the type of 
impedance mismatch. 
The magnitude of the reflection at an impedance mismatch can be calculated 











Z0: Characteristic impedance of the cable, 
Zd: Impedance of a discontinuity. 
The reflection coefficient value ranges from 1 (open circuit) to -1 (short circuit). 
A reflection coefficient of zero indicates that there is no change in the cable characteristic 
impedance; therefore, no reflected pulses are observed. 
Regarding the test goal, TDR is used to locate and characterize when possible 
changes in impedance of a cable segment.  These changes in impedance can be caused 
by: 
• Faults (short circuits). 
• Joints (splices). 
• Open connections. 
• Neutral issues. 
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• Water ingress into cable insulation or joints. 
TDR results, both location and identification of impedance mismatches, require 
an experienced interpreter of TDR signals. Interpretation of TDR results could be a 
challenging task; nevertheless, the basic configuration and problems can be identified by 
typical waveforms. Their meanings are shown in Table 5.1. 
 
Table 5.1. Usual cable segment conditions distinguishable using TDR. 
 
Condition TDR 
Uniform cable segment with no 
joints. 
Uniform cable segment with no joints 
and shorted conductor at distance L 
from Near End. 
Cable segment with a joint at a 
distance L from Near End. 
Cable segment with a wet joint at a 
distance L from Near End. 
Uniform cable segment with water 






5.3 Tan δ Length Models 
This section is built on the Tan δ basis presented in Chapter 3 and explores the 
importance of the modified equivalent circuits that consider, to some extent, the non-
uniform degradation and neutral issues for Tan δ measurements. The main goal is to 
introduce modifications to the basic equivalent circuit to study and identify their 
usefulness as diagnostic indicators. 
5.3.1 Non-uniform Degradation 
As explained in Chapter 3, Tan δ is a measure of the average condition of a cable 
segment and it may be therefore only used to provide a qualitative assessment of the 
overall degradation of the cable segment insulation. Unfortunately, if a highly aged 
portion only exists in a short length of the cable segment; its effect on Tan δ of the entire 
segment would be small, perhaps even insignificant. For example, a highly aged portion 
could be a short length of cable insulation with a high density of water trees, or a highly 
degraded accessory, or a localized corroded neutral. The assumption here is that the 
highly aged portion just by itself would show a much higher Tan δ magnitude as 
compared to the healthy, or un-aged, portion of the cable segment. As a consequence, it is 
generally accepted that the usefulness of Tan δ is limited by its inability to give localized 
information. Additional diagnostic tests may be required to account for this situation. 
Figure 5.2 shows two cases for a cable segment with non-uniform degradation. 
Particularly, Case 1 represents a situation in which the highly aged portion is located 
inside the cable segment length and Case 2 represents a situation in which the highly 
aged portion is located at one of the extremes of the cable segment. Both situations can 
be modeled by making certain modifications to the basic equivalent circuit presented in 
Chapter 3. A similar case would arise for a highly degraded accessory installed with a 




Figure 5.2. Some possible cases for a cable segment with non-uniform degradation. 
 
 
5.3.1.1 Non-uniform Degradation Modeling 
The non-uniform degradation can be modeled by considering two separate 
sections of the cable segment, one section representing the healthy portion and the other 
representing the aged portion. Each portion has an appropriate set of parameters in its 
equivalent circuit to represent its Tan δ value. Thus, considering the two portions 
together, a set of four parameters are considered in the model, i.e. the resistance and 
capacitance of the healthy portion (R1 and C1) and the resistance and capacitance of the 





Figure 5.3. Non-uniform degradation modeling. 
 
 
Tan δ1 and Tan δ2 are defined as follows as the Tan δ magnitudes of the healthy 














=      (b), 
(5.2)
where, 
Tan δ1: Tan δ of the healthy portion of the cable segment, 
ω: Angular frequency in rad/s, 
R1: Insulation resistance of the healthy portion of the cable segment in Ω, 
C1: Insulation capacitance of the healthy portion of the cable segment in F, 
Tan δ2: Tan δ of the aged portion of the cable segment, 
R2: Insulation resistance of the aged portion of the cable segment in Ω, 
C2: Insulation capacitance of the aged portion of the cable segment in F, 
Tan δ: Equivalent or combined Tan δ for both healthy and aged portions of the 
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cable segment. 
The modeling objective is to find a mathematical relation between the equivalent 
Tan δ (as it would be “seen” by measurement equipment) and the values of Tan δ1, and 
Tan δ2 and portion lengths. The relationship is developed in detail in Appendix A where 
it is shown that the equivalent Tan δ is given by, 
2 1 1 2
1 2 1 2
(1 / )
( / )
R R Tan TanTan







Taking into account the healthy and aged portion lengths, L1 and L2 respectively, 
and considering per-unit length parameters instead of lumped parameters for the 
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, in terms of Tan δ1     (b), 
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, in terms of Tan δ2     (c), 
(5.4)
where, 
Γ: Length ratio between L1 and L2, 
L1: Length of the healthy portion of the cable segment in ft, 
L2: Length of the aged portion of the cable segment in ft, 
r1: Insulation resistance per-unit length of the healthy portion of the cable segment 
in Ω-ft, 
r2 : Insulation resistance per-unit length of the aged portion of the cable segment 
in Ω-ft. 
Subsequently, if the cable insulation geometry and electrical permittivity between 
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the healthy and aged portions of the cable segment are assumed equal; then, the ratio 
between the insulation resistance per-unit length of the aged portion of the cable segment 
(r2) and the insulation resistance per-unit length of the healthy portion of the cable 
segment (r1), can be simply expressed as the ratio between Tan δ1 and Tan δ2. This is 
shown in equation (5.5). The electrical permittivity between the healthy and aged 
portions of the cable segment can be assumed to be equal since it has been shown for 
water-tree degradation [13] that this intrinsic parameter of insulation material only 








Substituting equation (5.5) into equation (5.4)(b) or (5.4)(c), the equivalent Tan δ 
as a function of Tan δ1, Tan δ2, and the length ratio (Γ) yields, 
2 1
1
Tan TanTan δ δδ + Γ=
+ Γ
. (5.6)
From equation (5.6), if  Γ is zero; then, the equivalent Tan δ is Tan δ2, i.e. there is 
not any healthy portion in the cable segment. In contrast, if  Γ tends to infinity; then, the 
equivalent Tan δ tends asymptotically to Tan δ1, i.e. as the length of the healthy portion 
of the cable segment increases compared to the aged portion, the effect of the aged 
portion on the equivalent Tan δ decreases and eventually the equivalent Tan δ is Tan δ1. 
The equivalent Tan δ as a function of Tan δ1, Tan δ2, and the length ratio (Γ) is studied 
quantitatively in detail in the following section by simulations and laboratory 
experiments. 
Another important point is that if the equivalent Tan δ is much larger than Tan δ1, 
i.e. if Tan δ >> Tan δ1, then the equivalent Tan δ follows a linear model in length when it 
is plotted in a log-log scale. This is important since it will be shown later that this 
behavior can be used as an additional diagnostic indicator for Tan δ measurements. The 
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derivation is also shown in Appendix A. 
5.3.1.2 Simulation and Laboratory Experimentation 
Figure 5.4 shows the simulation results using equation (5.6) for the equivalent 
Tan δ as it would be measured. The simulation considers four cases; it takes into account 
four different values for the Tan δ of the aged portion of the cable segment (Tan δ2) while 
the Tan δ of the healthy portion of the cable segment (Tan δ1) is constant and equal to 
0.2×10-3. The four cases consider values for Tan δ2 of 1.2×10-3, 2.2×10-3, 4.0×10-3, and 
100×10-3. The first three values for Tan δ2 are selected because they are used for 
diagnosis in the present IEEE Std. 400 [37]; however, the last value for Tan δ2 is selected 
to represent the case of a high Tan δ magnitude for the aged portion of the cable segment. 
The value for Tan δ1 is selected on the basis that the Tan δ magnitude for an un-aged 
XLPE cable is approximately 0.2×10-3 as shown in Chapter 3. 
In Figure 5.4 the x-axis is the length ratio (Γ) between the lengths of the healthy 
portion (L1) and aged portion (L2) of the cable segment and the y-axis is the equivalent 
Tan δ magnitude as calculated from equation (5.6). From Figure 5.4, if the length ratio is 
0.01; then, the equivalent Tan δ is Tan δ2 for all cases, i.e. there is a small portion of 
healthy cable in the segment as compared to the aged portion. In contrast, if the length 
ratio is 1000; then, the equivalent Tan δ tends asymptotically to Tan δ1 for all cases, i.e. 
as the length of the healthy portion of the cable segment increases compared to the aged 
portion, the effect of the aged portion on the equivalent Tan δ decreases and eventually 
the equivalent Tan δ simply becomes Tan δ1. Particularly, consider points A and B in 
Figure 5.4, where the length ratio is equal to 10, i.e. 10 % of the cable segment is aged 
relative to the healthy portion of the cable segment. The equivalent Tan δ for points A 
and B are approximately 9×10-3 and 0.5×10-3 respectively. This represents a difference of 
about one order of magnitude between the Tan δ of the aged portion of the cable segment 
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Figure 5.4. Simulation for non-uniform degradation modeling. 
 
 
The model presented in equation (5.6) is validated though laboratory 
measurements as shown in Figure 5.5. In this case the approach consists of using two 
cable samples with known Tan δ characteristics and connecting them in cascade to 
emulate the non-uniform degradation situation. One of the samples, the sample with the 
highest Tan δ magnitude, represents the aged portion of the cable segment while the 
sample with the lowest Tan δ magnitude, represents the healthy portion of the cable 
segment. In Particular, the aged portion is represented by an un-aged EPR-15 kV cable 
sample with a Tan δ of 3.7×10-3 and the healthy portion of the cable segment is 
represented by an un-aged XLPE-15 kV sample with a Tan δ of 0.2×10-3. The length of 
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the aged portion (L2) is kept constant at 80 ft and the length of the healthy portion (L1) is 




Figure 5.5. Laboratory experiment for non-uniform degradation. 
 
 
The results of the laboratory measurements taken in Figure 5.5 are compared in 
Table 5.2 with the computed equivalent Tan δ using equation (5.6) and Figure 5.6 
illustrates this graphically. 
 









Ratio (Γ ) 
Computed 
Equivalent Tan δ 
[1e-3] 
Measured 




0.0 3.7 3.7 
80 1.0 2.0 1.6 
200 2.5 1.2 1.2 
800 10.0 0.5 0.4 
1600 20.0 0.4 0.2 
2400 30.0 0.3 0.2 































Figure 5.6. Comparison between computed and measured equivalent Tan δ values for the 
non-uniform degradation laboratory experiment. 
 
 
Figure 5.6 shows that there is a good match between the computed and measured 
equivalent Tan δ values. In other words, the modified equivalent circuit model is able to 
predict how the equivalent Tan δ would change as the healthy portion of the cable 
segment increases in length. 
In addition, the model presented in equation (5.6) is also used to estimate the Tan 
δ of an aged portion of a cable segment that fails in the field during VLF Tan δ testing. 
The cable segment under test is XLPE-25 kV, 13.8 kV operating voltage (U0), jacketed, 
and installed in the early 1980’s. The testing is performed on the Duke Energy system; 
specifically, the Hampton Leas Subdivision in Charlotte, North Carolina. The testing site 









The cable segment under consideration fails during VLF Tan δ testing at a voltage 
level of 1.7 U0. Therefore, the Tan δ values during initial testing are the values before 
failure. Subsequently, the failure site is located and is determined that the failure occurred 
in the cable. No joints are present in the cable segment. A 4 ft portion of cable is removed 
and the cable segment is repaired using a new joint. After repair, the cable segment is 
retested at the same voltage levels before failure and Tan δ values after failure are 
registered. The segment configuration is shown in Figure 5.8. The aged portion is 4 ft 
long and the healthy portion is 411 ft long. Therefore, the length ratio (Γ) between the 




Figure 5.8. Segment configuration for field testing cable failure. 
 
 
Using the Tan δ magnitudes before and after failure, the model presented in 
equation (5.6) can therefore be used to estimate the Tan δ magnitude of the aged portion 
of cable that failed. The estimated values are the values just before failure happens. The 
importance of estimating the Tan δ magnitude for the aged portion of cable that failed is 
that the estimation provides reference values for Tan δ of a short piece of cable just 
before failure, and this can be used as a benchmark. 
The Tan δ of the healthy portion of the cable segment is assumed to be equal to 
the equivalent Tan δ after the repair since a new joint, because of its low losses, has no 
effect on the measurements. Therefore, from equation (5.6), the Tan δ of the aged portion 
just before failure can be estimated from equation (5.7) as, 
2 1(1 )Tan Tan Tanδ δ δ= + Γ − Γ , (5.7)
where, 
Tan δ2: Tan δ of the aged portion before failure, 
Γ: Length ratio, approximately equal to 103 (see Figure 5.8), 
Tan δ: Equivalent Tan δ before failure, 
Tan δ1: Equivalent Tan δ after repair. 
The comparison between the estimated Tan δ magnitude of the aged portion of 
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the cable segment, the equivalent Tan δ magnitude measured before failure, and the 
equivalent Tan δ magnitude measured after repair, is shown in Figure 5.9. Note the 
considerable difference of more than one order of magnitude between the Tan δ 
magnitude of the aged portion and the equivalent Tan δ magnitudes before failure and 
after repair. The usefulness of the estimated values for the Tan δ magnitude of the aged 
portion of the cable segment is that those values correspond to Tan δ values of a short 
cable just before failure. Therefore, the values could be used as a reference when 
developing diagnostic criteria thresholds. Particularly, the cable failure occurred between 
Tan δ magnitudes of 100×10-3 and 200×10-3 at a voltage level of 1.7 U0. If diagnostic 
criteria is to be designed for the type of cable under consideration, a value between the 
Tan δ magnitudes of 100×10-3 and 200×10-3 maybe a good choice to consider the cable as 
























Estimated Tan-delta of the aged portion
Equivalent Tan-delta measured before failure
Equivalent Tan-delta measured after repair
Cable Failure
 
Figure 5.9. Comparison between Tan δ of the aged portion of the cable segment and 
equivalent Tan δ before failure and after repair. 
 
 
5.3.1.3 Non-uniform Degradation Diagnostic Indicators 
The non-uniform degradation modeling has permitted the identification of two 
new levels for the diagnostic indicators that may be used to enhance the diagnostic 
process of the insulation of power cable systems using VLF Tan δ measurements. The 
first diagnostic indicator level considers Tan δ values available during testing for each 
cable segment. The second diagnostic indicator level considers the collection and 
comparison of Tan δ magnitudes as a function of length after a number of tests have been 


























Figure 5.10. First level of non-uniform diagnostic feature. 
 
 
To explain the first level, Figure 5.10 is used, which is the same as Figure 5.6 but 
considering only the simulated equivalent Tan δ and additional points A and B. Point A 
represents a length ratio between the healthy and aged portions of the cable segment of 
10 and an equivalent Tan δ of 0.5×10-3 as “seen” by the measurement equipment, while 
point B represents the same length ratio as point A but the equivalent Tan δ of 3×10-3 as 
“seen” by the measurement equipment. Considering a value of 0.2×10-3 as the Tan δ 
magnitude of the healthy portion of the cable segment and the information provided by 
points A and B in Figure 5.10, the Tan δ magnitude of the aged portion of the cable 
segment can be estimated by using equation (5.7). In this case, the estimation yields to 
the values of 3.7×10-3 and 31×10-3 for points A and B respectively. The comparison 
between the Tan δ magnitudes of the aged portions corresponding to points A and B 
shows that the higher the equivalent Tan δ magnitude (as “seen” by the measurement 
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equipment), the higher would be the Tan δ magnitude of the aged portion of the cable 
segment if a non-uniform degradation situation were present. 
In real field situations, it is not possible to know the length ratio or Tan δ 
magnitudes of the healthy and aged portions of the cable segment separately. Thus, the 
only available information would be the equivalent Tan δ magnitude as “seen” by the 
measuring equipment and maybe some information from cable segment and subdivision 
(in which the cable segment is located) failure history regarding localized cable or 
accessory problems or localized or distributed neutral issues. The question then is how 
the equivalent Tan δ magnitude can be interpreted just by itself if a non-uniform 
degradation situation is present. 
If a non-uniform degradation situation is present in cable segment, a high value of 
equivalent Tan δ truly carries information about the cable segment condition. A high 
value means that the cable segment is generally aged or in a bad condition and some 
action on the segment needs to be taken. However, a low equivalent Tan δ does not 
necessarily mean that the cable segment is in a good condition. Other tests may be 
required to account for this situation, e.g. a follow-up VLF withstand test after 
performing a Tan δ test in order to fail the aged portion. If the segment survives the 
withstand test, then it can be concluded with some degree of confidence that the cable 
segment is in good condition. 
The second diagnostic indicator level consists of a comparison of Tan δ 
magnitudes as a function of cable segment length. The comparison is made between cable 
segments of the same design and located in the same subdivision. The assumption here is 
that those cable segments have seen relatively similar operating and aging conditions 
which allows for the comparison. 
If a non-uniform degradation situation is present in a subdivision; then, it is 
expected to see a general trend of equivalent Tan δ magnitudes decreasing with cable 
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segment length. In other words, the effect of the aged portions on the equivalent Tan δ 
decreases as more healthy cable length is present in the cable segment. This situation is 
shown in Appendix A; specifically, if the equivalent Tan δ is much larger than the Tan δ 
of the healthy portion, then the equivalent Tan δ, when plotted on a log-log scale, follows 
a linear model in length. 
In real field situations, what is important is the fact that for non-uniform 
degradation, the equivalent Tan δ magnitude generally decreases in length. Knowing that 
the degradation is localized has a great value as a diagnostic indicator in the sense that 
repairing a bad segment with localized problems is less expensive than an overall cable 
segment replacement. Therefore, it is worth repairing the segment. This is particularly the 
case for direct buried systems in which the major cost is due to landscaping. 
Figure 5.11 shows a real example, using data obtained in field testing, of the non-
uniform degradation second level diagnostic indicator. Particularly, Figure 5.11 shows 
the equivalent Tan δ magnitude at U0 (13.8 kV) as a function of length for a subdivision 
with non-uniform degradation problems. The subdivision is an underground residential 
distribution (URD) network, XLPE-25 kV, jacketed, and direct buried cable system 
without neutral corrosion problems. As seen in Figure 5.11, the equivalent Tan δ 
magnitude has a general trend going downwards as the cable segment length increases. 
The trend is represented by the blue line that is the linear regression of the data. 
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Figure 5.11. Second level of non-uniform diagnostic indicator. 
 
 
In summary, the non-uniform degradation length model has been useful for 
discovering and understanding two levels of diagnostic indicators for VLF Tan δ 
measurements. The diagnostic indicators are as follows: 
• A high equivalent Tan δ value truly carries information about the cable 
segment condition. A high value means that the cable segment is generally 
aged. However, a low equivalent Tan δ does not necessarily mean that the 
cable segment is in good condition. Other tests may be required to account for 
this situation. 
• If the equivalent Tan δ generally decreases with cable segment length in a 
subdivision; then, the subdivision most likely has localized non-uniform 
degradation problems. 
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5.3.2 Neutral Issues 
The development of power cable diagnostic techniques that are able to assess the 
condition of in-service power cable systems have been mainly focused on detecting 
changes in electrical properties of the cable system insulation, i.e. insulation defects or 
water treeing. This is due to the fact of the general belief, by the cable community, that 
the failure modes are mainly due to aging and degradation of the cable system insulation 
alone. However, research work reported here and by others [61-63] show that there are 
other failure modes related to neutral wires issues; particularly, neutral wires corrosion or 
simply neutral corrosion and mineralization of neutral wires. These issues are termed as 
neutral issues in this thesis. Neutral issues lead to breaks in the neutral wires and poor 
contact between the neutral wires and insulation shield. Neutral issues are important since 
they can cause arcing damage to the insulation shield leading to an eventual failure. 
Figure 5.12 shows the two neutral issues previously mentioned; particularly, the broken 
neutral wire in Figure 5.12(a) caused by corrosion, then it caused arcing damage to the 
insulation shield. Figure 5.12(b) shows a cable with neutral wires embedded into ridges 
in the insulation shield as result of mineralization of the neutral wires. The mineralization 
of the neutral wires causes a poor contact between the neutral wires and the insulation 
shield. In addition, neutral issues also influence diagnostic measurements such as Tan δ 









(a) Broken neutral wire. 
 
(b) Poor contact between neutral wires 
and insulation shield. 
 
Figure 5.12. Illustration of neutral issues. 
 
 
A classification of the degree of corrosion of neutral wires has been performed by 
Hanck and Nekoksa [63], and it is based on field tests conducted at 36 excavations in 
California, Oklahoma, and North Carolina. No corrosion was found in 8 (22.2 %) 
excavations, minor to severe corrosion was found in 20 (55.6 %) excavations, and very 
severe corrosion was found in 8 (22.2 %) excavations. The classification is shown in 
Table 5.3. 
 
Table 5.3. Neutral wires corrosion classification [63]. 
  
Index Type of Corrosion Description Pitting 
0 None No green color None 
1 Minor Spots of light green Slight 
2 Moderate Spots of green color Shallow 
3 Severe 
Heavy buildup of corrosion 
products (thinning of wires 
evident) 
Deep 







Figure 5.13. Minor to moderate neutral wires corrosion. 
 
 
An example of minor to moderate corrosion found during the field testing is 
shown in Figure 5.13. Note the spots of green color and the slight pitting of the neutral 
wires. 
Good contact between the neutral wires and the insulation shield is needed to 
contain the cable core at ground potential, i.e. to contain the electric field inside the cable 
insulation. This function can be affected by mechanical damage, high volume resistivity 
of the insulation shield, corrosion of the neutral wires, and poor contact between the 
insulation shield and neutral wires. As mention before, a loss of the function of the 
neutral wires and insulation shield together would result in arcing damage and eventual 
failure. To illustrate this situation, a finite element computation of the electric field is 
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performed in a planar two-dimensions cable geometry with the insulation shield modeled 
as floating with a dielectric constant of 100 and volume resistivity of 500 Ω-m (typical 
values for highly degraded insulation shield). The cable geometry is for a XLPE-15 kV 
unjacketed cable with 8 neutral wires and insulation thickness of 175 mils (approximately 
4.4 mm). The conductor size is in this case 1/0. In the simulation, the neutral wires are 
separated slightly (40 mils or 1mm) from the insulation shield. This cable geometry is 
typical of 15 kV class cable. The applied voltage to perform the simulation is 8.7 kV 
which corresponds to the phase-to-ground rated voltage. The simulation results for the 
electric field are shown in Figure 5.14. 
In Figure 5.14 under ideal conditions, i.e. when there is a good connection 
between the insulation shield and neutral wires and the insulation shield has a low 
volume resistivity, all the electric field would be contained inside the cable insulation. 
The maximum electric field in this ideal case is located in the conductor and would be 
equal to 2.6×106 V/m. However, in the situation presented in Figure 5.14, when the 
insulation shield is floating, the maximum electric field is located at the neutral wires and 
is equal to 3.6×106 V/m which is 1.4 times the maximum electric field under ideal 
conditions. This value is sufficient to produce arcing and cause erosion and degradation 









There is no question that knowing that the neutral issues are present in a cable 
segment adds a great value since the cable segment then has to be eventually replaced. 
Thus, this part of the research focuses on understanding how the neutral issues can 
influence VLF Tan δ measurements by again considering modifications of the basic 
equivalent circuit presented in Chapter 3. The modified model is validated below by 
simulations, laboratory experiments, and data from field tests. This identifies useful 
diagnostic indicators that enhance the diagnostic process.  
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5.3.2.1 Neutral Issues Modeling 
When there is significant corrosion of the neutral wires or a poor contact between 
the insulation shield and neutral wires, the equivalent Tan δ value has a contribution from 
the equivalent model series resistance. The series resistance as shown in Figure 5.15 
consists of the equivalent of the conductor shield resistance ( CSR ), insulation shield 
resistance ( ISR ), and the contact resistance between the insulation shield and the neutral 
wires and resistance of the neutral wires themselves ( NR ). In addition, IR  and IC  















Figure 5.15. Equivalent circuit for neutral issues. 
 
 
Under normal conditions, i.e. without neutral issues, the series equivalent 
resistance is very small as compared to the insulation parameters and can be neglected. In 
contrast, when neutral issues are present, a considerable increment in the value of NR  is 
expected because of mineralization and corrosion of the neutral wires, as illustrated in 
Figure 5.16. The increment in the value of NR  can be significant compared to the 




Figure 5.16. Longitudinal and transversal section of an unjacketed power cable with 
mineralization and corrosion of neutral wires. 
 
 
To model the neutral issues, a quadrupole (or two-port network) model per-unit 
length is used. The equations for the model, considering one and several quadrupoles, are 








Figure 5.17. Quadrupole model per-unit length for neutral issues. 
 
 
In Figure 5.17, ri and ci represent the per-unit length insulation parameters, which 
are the same as the ones presented in Chapter 3 when there are not any neutral issues. In 
addition, rx represents the contact resistance per-unit length between the insulation shield 
and neutral wires and ry represents the resistance of the neutral wires themselves. In some 
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cases, a capacitance between the insulation shield and neutral wires could be considered 
[61, 62]. However, it has been found in this research that this parameter has no major 
influence and thus it is not considered any further.  
The parameters shown in Figure 5.17 are in per-unit length; thus, as the length of 
the cable segment increases, the effect of the parameters rx and ry also increases. Recall 
from Chapter 3 that the length and geometry effect for the insulation parameters cancel 
each other. Therefore, it is expected that there would be an increment in the equivalent 
Tan δ magnitude that is a function of cable segment length when the neutral issues are 
present. In other words, the total power loss will be the result of the contribution of the 
bulk insulation losses (parameter ri) and the length dependent series resistance losses 
(parameters rx and ry). This leads to a situation similar to the one for non-uniform 
degradation but with different diagnostic indicators.  
The neutral issues can be localized or distributed. Localized neutral issues mean 
that only portions of the cable segment present the problem. Distributed neutral issues 
mean that the neutral issues are present all over the cable segment length. Figure 5.18 
shows the case for a cable segment with localized neutral issues while Figure 5.19 shows 




Figure 5.18. Localized neutral issues. 
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As seen in Figure 5.18, to model a localized neutral issue situation, two types of 
quadrupoles are used. The blue quadrupoles represent the portions of the cable segment 
without neutral issues; therefore, the parameters rx and ry are not considered. This leads to 
a situation in which the portions without neutral issues can be modeled by one single 
quadrupole considering only the lumped insulation parameters (ri and ci) of their 
respective portion. The portion of the cable segment with neutral issues is modeled by the 
red quadrupoles in which the parameters rx and ry are considered. To find the equivalent 
Tan δ in the quadrupole configuration shown in Figure 5.18, the inverse of the overall 
transfer function matrix is computed and the equivalent Tan δ is computed as shown in 




Figure 5.19. Distributed neutral issues. 
 
 
A distributed neutral issue is less complex to model compared to a localized 
neutral issue situation. In this case only one type of quadrupole is used as shown in 
Figure 5.19. The equivalent Tan δ is computed using the same procedure previously 
described for the localized neutral issue situation. 
5.3.2.2 Simulation and Laboratory Experimentation 
Figure 5.20 shows the simulation results of equivalent Tan δ magnitude as a 
function of length for distributed neutral issues. The cable geometry used in the 
simulation is the same geometry of a typical XLPE-15 kV cable for the finite element 
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simulation of Figure 5.14. The Tan δ magnitude of the cable insulation is 0.2×10-3. Using 
the cable geometry and the insulation Tan δ magnitude, the insulation parameters (ri and 
ci) per-unit length can be computed. Three cases for the parameter rx are considered; 
specifically, 0.1, 1.0, and 2.0 parts per million (p.p.m) of the insulation resistance. The 




























Insulation Tan-delta = 0.2 e-3
 
Figure 5.20. Simulation of distributed neutral issues. 
 
 
Figure 5.20 compares the insulation Tan δ magnitude of 0.2×10-3 (blue-dashed 
line) with the simulation results for the equivalent Tan δ magnitudes for the 0.1 p.p.m 
(black line), 1.0 p.p.m (red line), and 2.0 p.p.m (green line) cases, and shows that when 
the neutral issues are present, the equivalent Tan δ is considerably higher than the Tan δ 
of the insulation. The effect is amplified as the contact resistance between the insulation 
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shield and neutral wires increases. In addition, it is also observed that for all the cases the 
equivalent Tan δ increases with length. Therefore, it can be concluded that when there is 
a significant corrosion of the neutral wires and a poor contact between the insulation 
shield and neutral wires distributed along the cable segment, the equivalent Tan δ value 
has a contribution from the equivalent model series resistances (rx and ry) and increases in 
length. 
However, to gain a better appreciation of what happens if neutral issues are 
present in a cable segment, two laboratory experiments are conducted. These experiments 
consider two cases; specifically, case 1 considers the localized neutral issues and case 2 
considers the distributed neutral issues. In both cases, an 80 ft EPR-15 kV jacketed cable 
is used. It is determined in the laboratory that the cable has a Tan δ magnitude of 3.4×10-3 
that is independent of the test voltage level. The transversal section of the cable is shown 




Figure 5.21. Transversal section of the 80 ft EPR-15 kV jacketed cable used for neutral 
issues laboratory experiments. 
 
 
Case 1: Loss of Neutral Wires. 
The localized neutral issues are reproduced in the laboratory by introducing an 
artificial break in the neutral wires of the 80 ft EPR-15 kV jacketed sample as shown in 
Figure 5.22. The artificial break is introduced at 40 ft from the testing end and it exposes 









Figure 5.23 shows the case of the artificial break for a distance d of 1 ft. 
Particularly, Figure 5.23(a) shows the actual break of the neutral wires and Figure 5.23(b) 
shows the TDR results. The TDR results in are characterized by a strong reflection peak 
from the localized artificial neutral wires break and attenuated reflection from the far end 






(a) Neutral wires artificial break of 1 ft. 
 
(b) TDR results. 
 
Figure 5.23. Neutral wires artificial break and TDR results. 
 
 
In Figure 5.22, a break in the neutral wires can also be seen as a loss of neutral 
wires for a distance d. When the neutral is lost, the cable segment is divided into three 
portions. Portions 1 and 3 have no neutral issues while portion 2 has lost the neutral. The 
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neutral wires of portions 1 and 3 are connected thought the cable insulation shield of 
portion 2; therefore, the cable segment can be modeled by considering the series 
resistance artificially added by the insulation shield of portion 2 between the neutral 
wires of portions 1 and 3. In particular, quadrupole model of portion 2 only considers the 
parameter ry. The parameters ry is estimated from measuring the resistance of 1 ft of the 
cable sample insulation shield using a conventional multimeter, the measurement yields a 
value of 90 kΩ/ft, which corresponds to a volume resistivity of 19 Ω-m. 
 





































Figure 5.24. Loss of neutral wires laboratory experiment – comparison between 
simulated and measured values. 
 
 
Figure 5.24 shows the comparison between the equivalent Tan δ magnitudes from 
the simulation results and the laboratory experiment. The x-axis represents the amount of 
lost neutral in percent and the y-axis the equivalent Tan δ magnitude. The lost neutral in 
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percent is the ratio between the distance d as shown in Figure 5.24 and the total length of 
the cable sample (80 ft) in percent; for instance, a lost neutral of approximately 5%, point 
A on Figure 5.24, means that a distance d of 5% of 80 ft (i.e. d = 4 ft) of neutral wires has 
been lost while a lost neutral of 100 %, point B on Figure 5.24, means that all the neutral 
wires (i.e. d = 80 ft) have been lost. 
The simulation results in Figure 5.24 are independent of the test voltage level 
because as mentioned before, the initial insulation Tan δ of the cable sample is 
independent of the test voltage level and no changes in the volume resistivity of the 
insulation shield are taken into account. However, voltage dependence is observed on the 
measured Tan δ when the lost neutral is greater than 1 %. This voltage dependence is the 
most pronounced for 100 % of lost neutral. In addition, a tip-down in Tan δ is observed. 
Since the Tan δ of the insulation is independent of the test voltage level, the only 
plausible explanation for the tip-down is that the volume resistivity of the cable insulation 
shield is changing. Particularly, the volume resistivity is decreasing with the test voltage 
level. The decrease in the volume resistivity causes the equivalent Tan δ magnitude to 
decrease. This behavior is expected since as the insulation shield is a semiconducting 
material, its volume resistivity decreases with the circulating current that increases with 
the test voltage level. The differences between the simulated and measured values in 
Figure 5.24 may also be due to the changes in the volume resistivity of the cable 
insulation shield. However, the most important fact shown in Figure 5.24 is that the 
simulated and measured values have the same trend which validates the model for 
localized and distributed neutral issues. 
Case 2: Poor Contact between Insulation Shield and Neutral Wires. 
In this case, the neutral wires are basically insulated from the cable insulation 
shield. As mentioned before, this situation can be caused in the field by a layer of 
corrosion or mineralization of the neutral wires. The poor contact between the cable 
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insulation shield and neutral wires is reproduced in the laboratory by using the 80 ft EPR-
15 kV cable sample left from the loss of neutral experiment in case 1. What is left from 
the lost of neutral experiment is the cable core only; therefore, to build the sample and 
reproduce the poor contact between the insulation shield and neutral wires, cotton pads 
and a neutral strap are used. The cotton pads are wrapped around the left over cable core 
and then the neutral strap is wound over the cotton pads as shown in Figure 5.25 and 
Figure 5.26. The neutral strap plays the same function as the neutral wires and is 




Figure 5.25. Illustration of cable sample used for poor contact between insulation shield 









(a) Cotton pads wrapped around cable core. 
 
(b) Neutral strap winded above cotton pads. 
 
Figure 5.26. Actual cable sample for poor contact between insulation shield and neutral 
wires laboratory experiment. 
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In Figure 5.25, when the cotton pads are dry, they introduce a poor contact 
between the cable insulation shield and the neutral strap; therefore, the cotton pads dry 
condition represents the situation in which there is a poor contact between the cable 
insulation shield and neutral wires. In contrast, if the cotton pads are wet, e.g. the cable 
sample is submerged in tap water, then there is a good contact between the cable 
insulation shield and neutral strap; therefore, the cotton pads wet condition represents the 
situation in which there is a good contact between the cable insulation shield and neutral 




Figure 5.27. Cotton pads wet condition. 
 
 
Figure 5.28 contains the results for the poor contact between the cable insulation 
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shield and neutral wires laboratory experiment. Particularly and shows the equivalent Tan 
δ magnitude as a function of drying time in days for test voltage levels of 0.5, 1.0, 1.5, 
and 2.0 U0. Three conditions are indicated in Figure 5.28. The initial dry condition shows 
the equivalent Tan δ as function of the test voltage level when the cotton pads are dry. 
The wet condition shows the equivalent Tan δ as a function of the test voltage level when 
the cotton pads are wet, i.e. the cable sample is submerged in water as shown in Figure 
5.27. After the wet condition Tan δ test is performed, the cable sample is taken out of the 
water tank and left to dry out for a week; and Tan δ measurements are then performed 
after 1, 3, 4, and 7 days. After 7 days the cotton pads have completely dried thus going 
































Figure 5.28 shows the similarity between the initial and final dry conditions and 
the difference between these two dry conditions and the wet condition. The similarity 
suggests that the poor contact between the cable insulation shield and neutral strap for 
these two conditions is similar; in other words for the final dry condition, the cotton pads 
have returned to similar dry conditions after being wet; moreover, for both these 
conditions there is a tip-down in the equivalent Tan δ magnitude as the test voltage 
increases. The tip-down may also be due to changes in the insulation shield volume 
resistivity in a similar way as it has been previously explained in the lost of neutral wires 
case. 
Furthermore, comparing Tan δ magnitudes between days 1, 3, 4, and 7 in Figure 
5.28 shows that as the cotton pads dry out, the equivalent Tan δ progressively increases, 
i.e. an indication that the contact resistance between the cable insulation shield and 
neutral strap also increases. 
However, the most important result in Figure 5.28 is the difference of more than 
one order of magnitude between the equivalent Tan δ magnitudes of dry and wet 
conditions. The equivalent Tan δ magnitudes for the wet condition are independent of the 
test voltage level and correspond to the initial Tan δ magnitudes of the cable sample 
before any laboratory experimentation. Thus, it has been shown that a cable segment with 
distributed neutral issues regarding a poor contact between the cable insulation shield and 
neutral wires would show high Tan δ magnitude. 
5.3.2.3 Distributed Neutral Issues Diagnostic Indicators 
The distributed neutral issues modeling, simulation, and laboratory 
experimentation have identified a new level of diagnostic indicator that may be used to 
enhance the diagnosis process of cable systems insulation using VLF Tan δ 
measurements. The new diagnostic indicator considers the collection and comparison of 
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Tan δ magnitudes after a number of tests have been performed. The comparison is made 
between cable segments of the same design and located in the same subdivision. 
Therefore, the assumption here is that those cable segments have seen similar operating 
and aging conditions which allows for the comparison. 
In particular, if a distributed neutral issue is presented in a subdivision; then, it is 
expected to see a general trend of the equivalent Tan δ magnitudes increasing with cable 
segment length. In other words, the effect of the poor contact between the cable 
insulation shield and neutral wires and resistance of the neutral wires increases as the 
cable segment length increases. This is an important finding for real field situations in the 
sense that knowing that the neutral issues are distributed is useful as a diagnostic 
indicator. Specifically, the cable segments in the subdivision have to be replaced. 
Figure 5.29 shows a real example, using data obtained in field testing, of the 
distributed neutral issues diagnostic indicator. Specifically, Figure 5.29 shows the 
equivalent Tan δ magnitude at U0 (7.2 kV) as a function of length for two subdivisions 
with distributed neutral issues. The two subdivisions have the same cable design and are 
located in the same geographical area. The subdivisions are URD networks, XLPE-15 
kV, jacketed, direct buried cable system. As seen in Figure 5.29, the equivalent Tan δ 
magnitude has a general increasing trend as the cable segment length increases. The trend 
is represented by the blue solid line which is the linear regression of the data. The most 
important conclusion drawn from the results shown in Figure 5.29 is that if the equivalent 
Tan δ generally increases with the cable segment length in a subdivision; then, the 
subdivision most likely has distributed neutral issues. 
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Figure 5.29. Distributed neutral issues diagnostic indicator. 
 
 
5.4 Deployment of Tan δ Diagnostic Features with Combined Diagnostics in Field 
Testing Applications. 
It has been shown in Chapter 4 and earlier sections of this Chapter that Tan δ 
measurements at VLF deliver a wide range of valuable diagnostic features and indicators 
that could be used for diagnosis. These demonstrations have led to the work that is 
reported within this section. Specifically, this section focuses on the deployment or use in 
practice of Tan δ diagnostic features in field testing applications in the MV cable systems 
arena; specially, PE-based cable systems of 15 and 25 kV which include HMWPE, 
XLPE, and TRXLPE insulation materials. 
In the deployment of Tan δ features, the major issues are evaluated in a process 
with the use of feature management. The feature management used here has two essential 
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parts: feature categorization and decision organization. Feature categorization and 
decision organization are explained in detail in the next subsections. 
5.4.1 Feature Categorization 
The feature categorization approach shows that there are two main levels of 
categorization. The two levels are as follows: 
Primary level categorization: it includes information immediately available at 
the site and time of the test; for example, cable segment length, failure history, TDR 
results, Tan δ magnitude and its behavior as functions of voltage and time. 
Secondary level categorization: it considers information that becomes available 
through comparison and collation of data from a number of tests. This includes the 
presently acknowledged approach of comparing adjacent cables segments and phases. 
These features include the behavior of Tan δ with the cable segment length as well. These 
features have been shown to be particularly effective when faced with situations such as 
non-uniform degradation and neutral issues. Traditionally these situations have been 
considered as limitations rather than the powerful diagnostic indicators that they are. 
5.4.2 Decision Organization 
Decision organization is particularly relevant to categorized diagnostic features in 
MV cable systems as more features require a structure for the test and action decision 
paths. The need for a proper feature interpretation and organization can be accomplished 
either through the use of pre-established criteria (such as those described in IEEE Std. 
400 [37]) or by the use of evaluation procedures. The evaluation procedure approach 
offers the widest flexibility since no pre-established criteria are defined and thus it can be 
adapted for a particular case under study. 
Table 5.4 shows a comparison between perspectives for assessment of the IEEE 
Std. 400 [37] and this research using VLF (0.1 Hz) Tan δ measurements. As seen in the 
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table, the research perspective presented in this thesis considers a wider range of 
diagnostic features as well as testing at different voltage levels. 
 
Table 5.4. Comparison between the IEEE Std. 400 [37] and this thesis perspective 
assessment criteria for VLF (0.1 Hz) Tan δ measurements. 
 
IEEE Std. 400 [37] This Thesis 
• Tan δ magnitude (2 U0). 
• Tan δ vs. voltage (U0 and 2 U0). 
• VLF withstand. 
• Comparison between phases and 
segments. 
• Cable segment specification and history. 
• TDR and visual inspection. 
• Tan δ magnitude (U0). 
• Tan δ vs. voltage (0.5 U0 and 1.5 U0) 
• Tan δ time variability. 
• Tan δ length models indicators. 




More importantly is the fact that the research perspective considers the 
combination of different diagnostic technologies to enhance the condition assessment 
evaluation process. For instance, the combination of TDR, Tan δ versus voltage, and 
VLF-Tan δ monitored withstand tests is used here. Table 5.5 shows the fundamentals of 
the feature deployment in the condition assessment evaluation process. 
In Table 5.5, the feature deployment is divided into features that are deployed 
during the test and features that are deployed after the test. The features that are deployed 
during test are features from the primary level of categorization and the features that are 
deployed after the test are features from the secondary level of categorization. The feature 
deployment can be non-conditional or conditional; the non-conditional feature 
deployment implies that the primary level diagnostic features can be deployed without 
taking into account any preexistent conditions; i.e. the non-conditional feature 
deployment is a priori test from which the initial information is obtained to support the 
decision making process for the conditional feature deployment or derived condition 
assessments. Therefore, the conditional feature deployments, both during and after test, 
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depend on the priori test results. 
 






During Test After Test 
Primary Level Categorization Secondary Level Categorization 
Non-conditional  Conditional Conditional 
Direct 
• TDR and visual 
inspection. 
• Cable segment 
specification 
and history. 
• Tan δ vs. 
voltage.  
⇒
• Tan δ time 
variability.  
• VLF monitored 
withstand 
failure on test. 
- 
⇓ 
Derived -  




• Tan δ length 
models 
indicators. 




In addition, the condition assessment can be direct or derived. Only the non-
conditional or conditional feature deployment using features from the primary level of 
categorization during test can generate a direct condition assessment. A derived condition 
assessment can be generated by a conditional feature deployment using either features 
from the primary or secondary levels of categorization. 
The feature deployment in the condition assessment is an evaluation process. As 
seen in Table 5.5, the process begins by considering the priori test from non-conditional 
to conditional feature deployment during test using first level of categorization features 
and ends by considering conditional feature deployment after test using second level of 
categorization features. 
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Table 5.5 also shows that the time to reach a condition assessment varies. 
Specifically, if the condition assessment is reached by using primary level categorization 
level diagnostic features; then, the condition assessment can be generally reached non-
conditionally or conditionally in one hour. However, if the condition assessment is 
reached conditionally after test using secondary level categorization diagnostic features, 
then the time to reach a condition assessment is generally one week as the data have to be 
collected and analyzed to develop the proper diagnostic indicators. 
The evaluation process of Table 5.5 eventually generates two condition 
assessments. The condition assessments are “No action” and “Action required”. The “No 
action” condition assessment means that the cable segment under evaluation can be 
returned to service operation, the cable segment may be retested within the following 5 
years to observe the trend of the Tan δ magnitude and to determine whether additional 
degradation has occurred. The “Action required” condition assessment means that the 
cable has to be replaced or repaired immediately after the test or in the near future. In the 
evaluation process an intermediate condition assessment termed as “Further study” is also 
considered. The “Further study” intermediate condition assessment means that additional 
information is needed to make and assessment. In this case, the additional information 
comes from the cable segment specifications, failure history, and use of the combined 
diagnostics. The additional information is used to enhance the evaluation procedure and 
leads eventually to a condition assessment of “No action” or “Action required”. 
5.4.3 Evaluation Procedure 
The evaluation procedure is presented in detail in Figure 5.30 to Figure 5.33 using 
flowcharts to represent and organize the decision making process. Figure 5.30 shows the 
flowchart of the evaluation procedure considering the primary level of Tan δ diagnostic 
features categorization. In particular, cable segment specifications, failure history, TDR, 
neutral visual inspection, and Tan δ as a function of the test voltage level are considered. 
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The Tan δ evaluation process begins by considering the cable segment specifications and 
failure history. Subsequently, the TDR test and visual inspection of the neutral wires is 
performed and their results are considered, and if the TDR results and visual inspection 
indicate broken or highly corroded neutral wires, then no additional tests are required and 
an action is required on the cable segment under evaluation. The action could be 
immediate repair or replacement of the cable segment. If the TDR and visual inspection 
do not provide any signs of broken or extremely corroded neutral wires, then the Tan δ 
versus voltage test is performed. From the Tan δ versus voltage test, if the Tan δ 
magnitude at U0 (U0 is the cable segment operation voltage) is more than 150×10-3 and 
the tip-up between 0.5 U0 and 1.5 U0 is more than 200×10-3, then some action is required 
on the cable segment. If the Tan δ magnitude at U0 is less than 6×10-3 and the tip-up 
between 0.5 U0 and 1.5 U0 is less than 1×10-3, then no action is required and the cable 
segment could be returned and left in service. However, if the Tan δ magnitude at U0 is in 
the range of 6×10-3 and 150×10-3 and the tip-up between 0.5 U0 and 1.5 U0 is in the range 
of 1×10-3 and 200×10-3 a further study action is required. In this case the further study 
considers the second level categorization diagnostic features to decide if an action is 
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Figure 5.30. Flow chart of the evaluation procedure considering the primary level of Tan 
δ diagnostic features categorization. 
 
 
In Figure 5.30, the threshold values for Tan δ magnitude (6×10-3 and 150×10-3) 
and Tip-up (150×10-3 and 200×10-3) as a function of the test voltage level have been 
suggested by the CDFI project [64]. These values represent an effort to revise the 
thresholds in the current IEEE Std. 400 [37], and are based on statistical analyses of VLF 
(0.1 Hz) Tan δ data obtained from field tests conducted on cable systems of the utilities 
participating in the CDFI project. The values are specifically for 15 and 25 kV systems of 
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Figure 5.31. Flowchart for the Further Study output of the flowchart of Figure 5.30. 
 
 
The further study process of Figure 5.31 starts by considering the variability of 
the Tan δ magnitude as a function of time for each test voltage level of the Tan δ versus 
voltage test. If the Tan δ magnitude shows variability in time at any voltage level; then a 
VLF-Tan δ monitored withstand test is performed for 15 minutes. The value of 15 
minutes is selected since it is the minimum suggested time for a VLF withstand test in the 
IEEE Std. 400.2 [34]. On the contrary, if the Tan δ magnitude during the Tan δ versus 
voltage test does not show any variability; then, the VLF-Tan δ monitored withstand test 
is performed for 30 minutes. The value of 30 minutes is selected since it is the 
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recommended time for a VLF withstand test in the IEEE Std. 400.2 [34]. When the Tan δ 
magnitude shows variability in time during the Tan δ versus voltage test, 15 minutes are 
selected over 30 minutes to reduce the possibility of having a failure on test, since as it 
has been shown in Chapter 4, the variability indicates higher risk of failure during testing. 
Subsequently, if the cable segment under evaluation fails during the VLF-Tan δ 
monitored withstand test; then, an action is required. However, if the cable segment does 
not fail during the VLF-Tan δ monitored withstand test; the stability of the Tan δ 
magnitude during the test is assessed leading to processes 1 and 2.  
Processes 1 and 2 consider the secondary categorization level of Tan δ diagnostic 
features. Specifically, the processes consider the correlation between the Tan δ 
magnitude at U0 and the cable segment length. In processes 1 and 2, it is assumed that the 
previous cable segment failure history is known. Flowcharts of processes 1 and 2 are 
shown in Figure 5.32 and Figure 5.33 respectively. 
Process 1 of Figure 5.32 deals with the case of stable Tan δ during the VLF-Tan δ 
monitored withstand test. The process starts by studying the correlation between the Tan 
δ magnitudes with cable segment lengths. If the correlation is positive and significant and 
the failure history indicates previous neutral wires corrosion problems; then, it can be 
concluded that most likely the cable segment has distributed neutral corrosion and an 
action is required. Similarly, if the correlation is positive and significant but the failure 
history does not indicate neutral corrosion problems; then, no action is required. All the 
other possible cases are also shown in Figure 5.32. 
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Figure 5.32. Flow chart of Process 1 – output of the flowchart of Figure 5.31 – 
considering secondary categorization level of Tan δ diagnostic features. 
 
 
In contrast, process 2 of Figure 5.33 deals with the case of unstable Tan δ during 
the VLF-Tan δ monitored withstand test. In this case, the process starts by considering 
the stability of the Tan δ magnitude, increasing values are sufficient to conclude that an 
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action is required. If the values are decreasing; then, the correlation between Tan δ at U0 
from the Tan δ versus voltage test and the cable segment lengths is used. The previous 
failure history is also used. For example, if the correlation is negative and significant and 
the previous failure history indicates no neutral corrosion problems; then, it can be 
concluded that most likely the cable segment has non-uniform degradation problems and 
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Figure 5.33. Flow chart of Process 2 – output of the flowchart of Figure 5.31 – 
considering secondary categorization level of Tan δ diagnostic features. 
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Note that in both processes of Figure 5.32 and Figure 5.33, if there is no 
significant correlation between the Tan δ magnitudes and cable segment lengths, then 
both processes lead to no action, which means that the Tan δ versus length diagnostic 
indicators do not provide the additional information required to assess whether the cable 
segment under evaluation has non-uniform degradation or neutral wires issues. 
5.5 Summary and Conclusions 
The Chapter has presented the basics of low voltage TDR test on power cables. 
Because of its ease of use, cost, and simplicity in indentifying power cable systems 
configuration and basic problems with neutral wires, the TDR test is proposed and used 
as one of the initial steps for any cable condition assessment in the field. The use of TDR 
combined with other diagnostic tests aids in improving the condition assessment of MV 
power cable systems. 
The Chapter has also presented the Tan δ versus length models. The most 
common situations of non-uniform degradation and neutral issues have been modeled and 
demonstrated through both theory and experiments. It has been shown that both 
situations, rather than limitations, provide useful diagnostic indicators that aid for an 
enhanced condition assessment.  
More importantly, the Chapter has introduced a new approach for condition 
assessment of MV PE-based power cable systems. The approach considers the use of 
combined diagnostics, which includes the TDR, VLF-Tan δ, and VLF-Tan δ monitored 
withstand tests. The approach is executed by an evaluation procedure that uses a 
diagnostic features management technique with feature categorization and decision 
organization. The evaluation process constitutes a step forward to the currently approach 
presented in the IEEE Std. 400 [37]. 
This Chapter finalizes the work on VLF-Tan δ which is one of the major parts of 
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this thesis. The upcoming Chapters deal with the second major part of the research 






CHARACTERIZATION BY PARTIAL DISCHARGE 
MEASUREMENTS 
6.1 Introduction 
The Chapter introduces basic concepts, means of diagnosis, and limitations of 
partial discharge measurements for MV power cable systems. Brief descriptions of the 
available partial discharge data, diagnostic feature selection and extraction techniques, 
and classification tools are also introduced. Furthermore, a comprehensive literature 
review on the “state of the art” on characterization of power cable defects by partial 
discharge measurements is also shown. 
More importantly, this Chapter describes and briefly analyzes data from partial 
discharge measurements. The partial discharge data have been collected from laboratory 
experiments and field tests. No detailed analysis of the partial discharge data is presented 
in this Chapter; however, the data is further used in Chapter 7 for the analysis and 
evaluation of partial discharge diagnostic features. The data are based on the phase-
resolved partial discharge pattern and are classified into two groups, i.e. partial discharge 
in cable and partial discharge in accessory. The latter group includes joints and 
terminations. The laboratory partial discharge data have been measured by the author 
while the data from partial discharge field tests have been provided to the author by one 
of the utilities participant of the CDFI project. 
6.2 Basis of Partial Discharge Measurements 
As seen in Chapter 2, partial discharge is defined as “an electrical discharge that 
only partially bridges the insulation between conductors, and may or may not occur 
adjacent to a conductor” [1]. Partial discharges occur when the local electric field 
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intensity exceeds the dielectric strength of the dielectric involved, resulting in local 
ionization and breakdown. Depending on their intensity, partial discharges are often 
accompanied by the emission of light, heat, and sound. Partial discharges can be 
generated from electrical trees, voids, cuts, cracks, protrusions, delaminations, and 
contaminants with poor adhesion to the polymeric insulation material [24].  
Partial discharges may be detected by different methods that mainly include 
electrical and acoustic detection. The most common form of detection is electrical. In this 
case, the relative intensity of partial discharge can be observed at the terminals of the 
sample under test by measuring the apparent charge in pico-coulombs (pC). However, the 
apparent charge (terminal charge) should not be confused with the actual charge 
transferred across the discharging defect inside the dielectric material of the sample, 
which in most cases cannot be ascertained. The partial discharge current in the external 
circuit is a complex function of the nature of the discharge inducing defect and the 
geometry of the sample insulation system [65]. To account for this situation a calibration 
procedure is performed before any partial discharge measurement. 
Calibration of partial discharge measurements is a topic on itself and is only 
treated briefly here. As mentioned before, only the apparent partial discharge magnitude 
can be measured; in other words, the change in charge on the electrodes of the sample 
caused by some phenomenon of unknown nature and magnitude within the sample is 
measured. The transfer function between the internal phenomenon and the change in 
charge on the electrodes can vary by many orders of magnitude depending on sample and 
defect geometry [66]. The purpose of calibration is simply to ensure that the apparent 
partial discharge magnitude is measured accurately by considering, in some way, the 
transfer function of the sample under test. In general, a known calibration pulse is 
injected into the sample, and then the testing equipment is adjusted so it measures the 
known value. The calibration pulse can be injected at the near or far end of the sample 
under test. In some cases, multiple calibration pulse settings are used to perform a 
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sensitivity assessment [20]. 
For a better understanding of the partial discharge process and measurement, 
different models have been developed to describe the combination between a defect and 
the surrounding dielectric. For example, in the case of voids, the ABC model is used [66]. 
The ABC model is a simple capacitive circuit that considers three capacitances of 
different areas in the insulation named A, B, and C. The defect is represented by the 
capacitance C, the dielectric in series with the defect is represented by the capacitance B, 
and the remaining surrounding dielectric is represented by the capacitance A. An 









Figure 6.1. ABC model for partial discharges in a cable void. 
 
 
In the context of power distribution cables, partial discharge can be classified 
according to the following types [67]: 
• Internal Discharges: These discharges occur within the insulation or at the 
interfaces of insulating shield layers. 
• Surface Discharges: These are discharges that occur along the interface of 
two dielectric materials. 
• Corona Discharges: This type of discharge occurs in the gaseous dielectric 
adjacent to electrodes. 
• Treeing Discharges: These are discharges that occur within the bulk of the 
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cable system insulation and are generated from electrical trees. 
When a partial discharge event occurs, it produces an electrical pulse that travels 
along the cable segment. The electrical pulse is detected by the measurement equipment. 
However, it is important to consider that the pulse received by the detection equipment is 
not the same as the pulse that is generated by the partial discharge. The cable acts as a 
low pass filter that attenuates the high frequencies of the pulse, this is true for both paper 
and extruded cables [68]. This effect causes a reduction in amplitude and dispersion of 
the partial discharge pulse when it travels along the cable segment. Thus, signals with 
bandwidths of some tens of MHz can be detected at the cable terminals. For instance, for 
a typical rise time of a partial discharge pulse of around 1 ns the equivalent bandwidth 
can go up to some GHz. Therefore, much of the frequency content is lost just in the 
propagation of the pulse to the detector. This is a fundamental issue for electrical 
detection of partial discharges. Nowadays, typical bandwidths for partial discharge 
detection equipment in the field go from several hundreds of KHz up to several tens of 
MHz [69-70]. 
6.3 Partial Discharge Means of Diagnosis 
Partial discharge measurement is useful for cable diagnosis because it is the only 
technique that is able to give a localized assessment of the insulation condition. In this 
case, if partial discharges are present, then there are defects generating the partial 
discharges. However, care must be taken when interpreting the partial discharge 
measurements. The diagnosis of insulation degradation using partial discharge 
measurements is not a simple process because of the wide range of defects that can 
produce partial discharges and the many different related degradation processes [71]. In 
addition, partial discharge measurement characteristics also depend on the location of the 
defect or defects, operating and testing voltage magnitudes, circuit operating conditions, 
system design, length, and noise. A brief review of the early history of partial discharge 
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research indicates that effective partial discharge measurement and location technology 
was developed very quickly. Later progress tended toward incremental improvements 
through application of new technology, as well as broadening of the range of phenomena 
covered by the technique [72]. 
Two general methods are available to detect partial discharge in cable systems. 
They are offline and online detection methods. Offline testing is normally conducted at 
higher voltages than to the operating system voltage (U0) as this method uses a separate 
power supply to energize the cable after it has been removed from service. Online testing 
is done during normal operation of the cable system.  
Some advantages of the offline method are as follows [73]: 
• Partial discharge inception voltage (IV) and partial discharge extinction 
voltage (EV) can be measured if a variable voltage source is used. 
• Partial discharge measurements can be performed at different voltages, which 
can aid in the diagnosis. 
Some advantages of online partial discharge method are as follows [73]: 
• Partial discharge measurements can be obtained under different load 
conditions. 
• Measurements can be performed without having to take the cable segment out 
of service. 
• Monitoring may be performed for extended periods of time. 
There is a big discussion in the cable community about the benefits of both 
approaches. The selection of one over the other should be done considering the goals of 
the testing as well as the particular system conditions. In particular, the duration of the 
test is important because the electron required to initiate the partial discharge might not 
be available in a void during the application of the test voltage [24]. 
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6.4 Limitations of Partial Discharge Measurements 
Partial discharge measurements alone cannot completely ensure the condition of 
the insulation of a cable segment, especially if potential defects are marginally present in 
the insulation. In fact, most industry specifications require an additional test to be 
performed as a supplement. Some of the most important limitations of partial discharge 
measurements are discussed briefly in the next paragraphs. 
As mentioned before, care must be taken when interpreting partial discharge 
measurements. The diagnosis of the insulation deterioration using partial discharge 
measurements is a complicated process [71]. Most defects in polymeric materials that are 
able to cause partial discharge at normal operating voltage, eventually, generate an 
electrical tree that will grow and lead to breakdown. In contrast, other types of defects 
such as protrusions or a conducting contaminant inside the bulk insulation may cause the 
initiation of an electrical tree without detectable partial discharge prior to the tree 
initiation. Research efforts on both laboratory experiments and field tests have shown that 
any relation between the apparent partial discharge magnitude and the deterioration rate 
or life of the insulation is generally nonlinear [71]. 
As a general rule, the accuracy in the interpretation of partial discharge 
measurements when discerning between the conditions of “good” or “very bad” is 
acceptable. For example, a low IV is an indication of a “very bad” condition while no 
partial discharge activity at high testing voltages indicates a “good” condition. 
Unfortunately, the accuracy in interpretation is far less reliable when cable segments are 
between the “good” and “very bad” conditions. This is probably the reason why some of 
partial discharge diagnostic providers are now considering partial discharge as a pass/fail 
test. However, interpretations of partial discharge measurements are available for both 
extruded and paper cable systems. Different organizations have databases of partial 
discharge measurements for different defects which have allowed them to create 
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knowledge-based rules to improve their assessment [26, 73]. For instance, new 
measurements are compared with the database and knowledge rules to identify the type, 
location and severity of the defect. 
Another important issue that requires mentioning is noise as it is a critical 
impediment to successfully detecting partial discharge. Magnitudes of the partial 
discharge pulses as seen by the measuring equipment are in the order of fractions of mV 
to several tens of mV [67]. In addition, as mentioned before, at the detection point pulses 
have a bandwidth of several tens of MHz. Unfortunately, this frequency range includes 
most of the amplitude modulated communication signals and, in some cases, these signals 
can have a higher magnitude than the partial discharge signals. This depends on several 
factors including circuit parameters such as length, location, and attenuation, as well as 
on the particular nature of the partial discharge present in the cable segment. From the 
perspective of noise, the cable acts as an antenna that picks up the communication 
signals. Therefore, it is unavoidable for these communication signals to be present in the 
cable and thus in the detector. Several techniques have been used to reduce the noise. 
Analog and digital filters are typically applied, but most recently the application of 
powerful digital signal processing techniques such as wavelet transforms have been used 
to address this issue [70]. 
Finally, the stochastic nature of the partial discharge process must be considered. 
This process creates considerable scattering in the measurements over time and also 
between identical cable segments operating under similar conditions. Therefore, in most 
cases partial discharge is described using statistical tools, but the extent to which the 
statistical information should be analyzed depends on the purpose for which the 
information is to be used. If it is only desired to have information about the presence of 
partial discharge, then data based on statistics may become superfluous. In contrast, if a 
specific defect is to be characterized then statistical tools are required to be able to 
perform the analysis [74]. 
 175
In general, the accuracy of the condition assessment may be improved if [73]: 
• More data are collected and compared with actual cable system performance. 
• Data are compared with information from results of dissections of cable or 
accessories that were recommended to be replaced. 
• Additional testing is carried out on cables and accessories that were 
recommended to be replaced. 
• Periodic measurements are made on the same cable segments. In this case, the 
general trend can be observed. 
• All relevant information about the cable system is known, such as the age, 
type, and design of the cables and accessories, operating conditions, and 
others. 
• Standardized testing and analysis procedures are developed. This will aid in 
the comparison of databases of different partial discharge service providers 
and utilities. 
In conclusion, a meaningful evaluation of partial discharge measurements in 
terms of the rate of degradation or remaining life is not possible in the absence of a 
microscopic description of the defect. 
6.5 Basis of Partial Discharge Data 
Partial discharge data can be classified into three types: phased-resolved data, 
time-resolved data, and partial discharge data without phase or time information. Each of 
them is briefly explained in the next subsections. 
6.5.1 Phase-Resolved Partial Discharge Data 
This type of partial discharge data is obtained in relation to the phase of the test 
voltage, which is assumed to be sinusoidal and constant during the acquisition of the 
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partial discharge data. The phase of the test voltage is divided into a suitable number of 
bins. Each bin is characterized by a particular value of the test voltage phase. 
For each partial discharge pulse that is detected, the phase value at which it occurs 
and its partial discharge magnitude are recorded. Therefore, each pulse is described by a 
phase location and a partial discharge magnitude. By using the phase location, pulses can 
be assigned to a particular bin. The total number of pulses falling inside a bin is also 
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Figure 6.2. Illustrative phase-resolved partial discharge data. 
 
 
As illustration, Figure 6.2 shows three cycles of the test voltage. The test voltage 
is represented only as a reference by the black solid line and the partial discharge activity 
by the colored lines. Different colors have been used for the partial discharge activity to 
clearly differentiate between cycles. The information contained in the three cycles can be 
condensed to a single graph in which phases and partial discharge magnitudes are plotted 
together. As a result, every partial discharge pulse is represented by a dot using the phase 
and partial discharge magnitude values, see Figure 6.3. This plot is known as the partial 
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discharge phase-resolved pattern. 
As seen from Figure 6.2 and Figure 6.3, the partial discharge magnitude may be 
in pico-coulomb (pC) or mV. When using mV, the value refers to the maximum 
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The information from the partial discharge phase-resolved pattern is generally 
represented as distributions of one variable. The most commonly used distributions are: 
average magnitude in each bin as a function of phase, maximum magnitude in each bin as 
a function of phase, and pulse density as a function of phase [28]. Here, it is assumed that 
sufficient number of pulses have been acquired such that the distributions are statistically 
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significant. 
6.5.2 Time-resolved Partial Discharge Data 
This type of data uses the partial discharge pulse waveform as the main diagnostic 
feature resource. The test voltage is again considered to be sinusoidal and constant during 
data acquisition. The main advantage of time-resolved partial discharge data is that there 
is a strong relationship between the shape of the partial discharge pulses and the physics 
of the defect [28, 69]. Moreover, the measurement equipment requires less expensive 
instrumentation. It has been shown that partial discharge pulse shapes change 
considerably during the degradation of insulation materials; therefore, by analyzing their 
shapes the degradation can be assessed [69]. 
6.5.3 Partial Discharge Data without Phase or Time Information 
Partial discharges also possess valuable information without considering the 
phase or time. For example, the information can be obtained from the average partial 
discharge magnitude as a function of the magnitude test voltage, IV, and EV. 
6.6 Partial Discharge Data Diagnostic Feature Selection and Extraction 
Once the partial discharge data is collected, a considerable number of 
discriminatory attributes or features may be extracted to characterize the partial discharge 
data. Depending on the type of data, statistical, time-domain, signal processing, and 
image processing tools are used to accomplish the goal. These tools are explained in 
more detail in the next subsections. 
6.6.1 Statistical Tools 
Statistical tools are mainly used to characterize phase-resolved data patterns. The 
distributions of one variable are characterized by a set of features that for example may 
include: mean, variance, skewness, kurtosis, magnitude asymmetry, phase asymmetry, 
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and cross-correlation factors. In addition, Weibull parameters from the model fitting of 
the partial discharge magnitude histograms can be used as additional features, As 
previously mentioned, it is assumed that sufficient number of pulses have been acquired 
such that the distributions have significant statistical meaning. 
6.6.2 Time-Domain Tools 
These tools are mainly used to characterize time-resolved partial discharge data. 
Particularly, the partial discharge pulse waveforms are characterized by a set of 
parameters that include: rise time, decay time, pulse width, and maximum amplitude. 
Additional features that can be used here are repetition rate and instantaneous test voltage 
difference between two consecutive pulses [28]. 
6.6.3 Signal Processing Tools 
Signal processing tools can also be applied for feature selection and extraction of 
partial discharge data. They mainly include: Fourier transform, wavelet transforms, Haar 
transforms and Walsh transforms. The signal processing techniques are, for the most part, 
applied to partial discharge pulse waveform to discover information that cannot easily be 
seen in the time-domain representation. The features typically include transformation 
coefficients and some form of their processing. 
6.6.4 Image Processing Tools 
Image processing tools are used to obtain features from the phase-resolved partial 
discharge data pattern. In this case, the pattern is treated as an image. This approach has 
its basis in the fact that different defects produce different phased-resolved data patterns 
that can be visually discriminated with the naked eye. Three different approaches are 
used, they include texture analysis algorithms, fractal theory, and wavelet-based image 
decomposition [28].  
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6.7 Partial Discharge Feature Classification 
The topic of partial discharge feature classification is vast. A considerable number 
of classifier types are available in the literature that can be used for partial discharge 
classification. The classifiers are largely based on decision functions, distance functions, 
likelihood functions, and artificial intelligent techniques such as neural networks and 
fuzzy logic [28]. At the present, there is no agreement on which type of classifier is the 
best to use and research efforts continue to address this issue. 
6.8 Previous Work on Characterization by Partial Discharge Measurements 
A considerable amount of research work has been devoted in the last decade to 
the characterization and classification of insulation defects by partial discharge 
measurements. Researchers have made important contributions by characterizing partial 
discharge in the laboratory using deterministic and stochastic models, but in practical 
applications, the current approach is still empirical in nature. In some cases, data have 
been obtained from accelerated aging tests in the laboratory using artificially created 
defects. But, there is always the question about the validity of the results since the service 
conditions and factors affecting in-service cable system aging and degradation are quite 
different compared to laboratory aging. The next paragraphs show the most relevant work 
in the effort of characterization and classification by partial discharge measurements. 
Krivda [75] has shown the application of pattern recognition techniques for the 
discrimination and classification of partial discharges. Three basic groups of defects are 
considered: (a) standard defects: these are simple two electrodes models, (b) industrial 
models: artificial defects are introduced in actual high voltage constructions, and (c) 
industrial objects: this group comprises naturally occurring defects in actual industrial 
objects. Only artificially created defects are considered in the case of power cables. The 
partial discharge features that are analyzed are statistical operators obtained from the 
phased-resolved data, they include: mean values, skewness, kurtosis, and cross-
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correlation factors. This set of features is defined as a fingerprint. The author shows that 
different defects give different fingerprints and the fingerprints are characterized by 
typical values of the statistical operators. For discrimination, the group average method 
has been found to yield good performance, in particular for aging insulation analysis, 
especially when periodic testing is carried out. Fractal descriptors also show good 
discrimination performance. The classification is based on the centour score method and 
on neural networks. In this case, the centour score method has been found to provide 
good classifications rates while neural networks do not prove to be a valuable tool. 
Recognition rate and centour score methods have been also used for classification 
of partial discharge measurements by Kreuger et al. [76]. In this case, a number of simple 
partial discharge models are considered, they include: surface discharges in air, Sulfur 
Hexafluoride gas (SF6), and transformer oil, single and multiple point corona discharges 
in air and oil, void discharges in dielectrics, and artificial void discharges in cables. 
Statistical operators are also used as features in this case. Results show that there is a high 
potential for classification using both methods. In particular, the centour score method 
gives a better suppression of irrelevant answers because of the percentile rank 
calculation.  
Other research efforts [77-79] have also used statistical operators as features for 
characterization and classification of partial discharge measurements. In particular, 
Gulski and Kreuger [79] have considered a series of artificial defects. The classification 
success rate is found to be acceptable; however, the authors point out that a large number 
of statistical operators used as features demands a large memory and requires 
considerable computational effort for the creation and operation of the database used for 
classification. 
Hoff et al. [80] uses the external voltage difference between two consecutive 
pulses as an additional feature for partial discharge characterization. The counter 
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propagation neural network classifier is used and its performance is compared to the 
nearest neighbor classifier. Results show that a considerable improvement is 
accomplished over artificial neural networks based algorithms for the different types of 
partial discharge defects that are studied. 
The Weibull scale and shape parameters from the pulse amplitude histogram have 
been used by Cacciari et al. [81-82] as features. The presence of multiple partial 
discharge defects is modeled by considering the multiplicative-additive properties of the 
Weibull parameters. It is shown that Weibull parameters can describe the aging due to 
partial discharge. But more importantly, the multiplicative-additive properties allow the 
overlapped partial discharge measurements to be separated and independently analyzed 
as functions of aging, time, and test voltage. 
Digital signal processing techniques have also been used to obtain the feature 
parameters [83-84]. Particularly, Cotin et al. [84] considers the Weibull parameters from 
the model fitting of the pulse amplitude histogram, statistical operators from the phased-
resolved data, and the equivalent time length and the equivalent frequency of the partial 
discharge pulses. A fuzzy classifier is successfully used in this case. Results show that 
because of the fuzziness of the classifier, it provides an efficient rejection noise property. 
Salama and Bartnikas [85] also use a fuzzy logic classifier in the classification of partial 
discharge measurements. 
Partial discharge pulse deterministic parameters such as the pulse maximum 
amplitude, rise time, decay time, and others, have been used as additional features 
parameters [86-87]. Mazroua et al. [86] use different neural network structures for 
characterization and classification of artificially created voids of 1.0, 1.5, and 2.0 mm 
sizes. The different neural network structures classify correctly all void sizes. However, it 
is also observed that, when classifying between the smaller voids, a Learning Vector 
Quantization (LVQ) network gives a better performance. In addition, Brosche et al. [69] 
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show that there is a correlation between the parameters that describe the partial discharge 
pulse waveform and the geometry of the defect.  
Most recently, the wavelet transform has also been used for extraction of the 
feature parameters consisting of different wavelet coefficients in the work reported by Ma 
et al. [87]. 
The literature review has revealed that the majority of characterization and 
classification methods used by researchers are based on phase-resolved partial discharge 
data for recognition of a single partial discharge source. However, a question that remains 
unaddressed is the evaluation of the relevance of the partial discharge diagnostic features, 
i.e. which features are more important than others for diagnosis. This evaluation could 
lead to a reduced number of features with more physical meaning and thus to a better 
understanding of the partial discharge process, this is one of the main motivations for the 
work presented in Chapter 7. 
6.9. Partial Discharge Measurement Data 
This section presents the partial discharge measurement data that are the basis for 
the analysis and evaluation of partial discharge diagnostic features in Chapter 7. The data 
are based on the phase-resolved partial discharge data pattern obtained from laboratory 
measurements and field tests. The laboratory measurements have been conducted by the 
author while the data from field tests have been provided to the author by one of the 
utilities participants of the CDFI project. Since the data is fully analyzed in Chapter 7, the 
main goal of this section is only to present a description and a basic analysis of the data. 
6.9.1 Laboratory Partial Discharge Data 
A description and basic analysis of the laboratory partial discharge data are shown 
in the next subsections. 
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6.9.1.1 Laboratory Sample Set Description 
The sample set used is composed of field-aged joints (samples J-1 and J-2), a new 
cable sample with manufacturing defects (sample N-1), field-aged cables (samples C-1 
and C-2), and a non-aged cable with artificially created defect (sample A-1). The samples 
have been provided by the CDFI project participants and by NEETRAC. The sample 
description is presented in Table 6.1. 
 
Table 6.1. Sample description for laboratory partial discharge measurements. 
 








Joint N/A Unknown 15 kV TRXLPE J-2 




15 kV XLPE C-2 17 




All the samples have partial discharge activity and partial discharge free 
terminations, i.e. the terminations are properly installed and they do not cause any partial 
discharge. 
6.9.1.2 Laboratory Test Program Description 
The test program description is shown in Table 6.2. The test program considers 
voltage preconditioning and several data captures for each sample. The data captures for 
each sample are selected randomly. The random selection and number of data captures 




Table 6.2. Laboratory test program description for partial discharge measurements. 
 
Sample Preconditioning time [min] 
No. of partial 
discharge data 
captures 




IV† and EV‡ before and after 
preconditioning are registered. 
 
Four data acquisitions of partial 
discharge, two at 1.25 and two at 
1.50 the IV after preconditioning. 
 
Each acquisition is for 30 sec or 
until 5000 pulses are acquired, 











As the samples are stored in a de-energized state, a preconditioning time before 
each partial discharge data capture is considered. The main goal here is to minimize the 
variability in the measurements by energizing the sample before the partial discharge data 
acquisition. The preconditioning time is 15 minutes at a voltage of 1 kV lower than the 
inception voltage after preconditioning. The inception and extinction voltages are 
recorded for each sample before and after preconditioning and as it will be seen later in 
Chapter 7 they are part of the diagnostic features. 
Screening partial discharge tests, prior to the laboratory test program, indicate that 
the variability in the measurements is considerably less for the joints when compared to 
the cables. Therefore, the number of data captures is smaller for the joints than for the 
cables. 
The test program in Table 6.2 includes partial discharge data acquisition at two 
test voltage levels. The levels are 1.25 and 1.50 times the inception voltage after 
preconditioning. During each data acquisition, the following steps are followed in order:  
1. The inception and extinction voltage before preconditioning are registered.  
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2. The sample is preconditioned at 1 kV below the extinction voltage before 
preconditioning. 
3. The inception and extinction voltages are registered after preconditioning. 
4. Calibration and sensitivity are performed. 
5. Four partial discharge data acquisitions are conducted; specifically, two 
acquisitions at 1.25 and two acquisitions at 1.50 times the inception voltage 
after preconditioning.  
The schematic of the test set-up is shown in Figure 6.4. In particular, the figure 
shows the case of testing a field-aged sample. The field-aged samples are unjacketed 
cables. Thus, in order to guarantee a good electrical connection between the insulation 
shield and the neutral wires during testing, the sample is tested inside a water tank. This 
ensures that the tests are free of the confusing partial discharge results due to the poor 
electrical contact between the insulation shield and neutral wires that may cause arcing as 




Figure 6.4. Schematic of the test set-up for laboratory partial discharge measurements. 
 
Figure 6.5 shows the actual test set-up. In this case, sample C-1 is under test. The 
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Figure 6.5. Actual test set-up for laboratory partial discharge measurements. 
 
 
6.9.1.3 Laboratory Partial Discharge Acquisition Equipment  
The partial discharge acquisition equipment is the PDBase of TECHImp Systems. 
The PDBase is a diagnostic equipment specially designed for the detection and analysis 
of partial discharge. The PDBase is largely innovative in the field partial discharge 
analysis because it is based on analogue to digital converters operating at a sampling 
frequency of 100 MHz. Thus, it can record the whole wave shape of each individual 
partial discharge pulse (with a bandwidth of 30 MHz). The system has on-board RAM 
storage and computing capabilities which allows for extracting a considerable number of 
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diagnostic features for a large number of partial discharge pulses. In this case, a 
maximum of 5000 pulses are captured over a maximum capturing time of 30 seconds. 
6.9.1.4 Laboratory Partial Discharge Results 
As previously mentioned, the laboratory and field partial discharge data 
considered in this thesis are based on the phase-resolved partial discharge data pattern. 
Figure 6.6 shows the phase-resolved partial discharge data pattern for one of the data 
acquisitions of cable sample C-1. The acquisition considers 5000 partial discharge pulses 
and is conducted at 1.25 the inception voltage after preconditioning. Each partial 
discharge pulse in Figure 6.6 is represented by two values. For example, the partial 
discharge pulse A in Figure 6.6 is represented in the phase-resolved data pattern by the 
phase value (approximately 260 degrees) and the partial discharge magnitude (180 pC or 




Figure 6.6. One partial discharge data acquisition for cable sample C-1. 
 
 
Because each data capture, as shown in Table 6.2, has four data acquisitions (two 
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at 1.25 and two at 1.50 the inception voltage after preconditioning), a total of 32 data 
acquisitions for each cable sample and 16 data acquisitions for each joint sample are 





Figure 6.7. Basic partial discharge diagnostic features from phase-resolved data. 
 
 
There is no question that a considerable number of features can be obtained from 
each data acquisition using statistical tools. However for illustration and brief analysis, 
six basic partial discharge features that can be easily obtained from the phase-resolved 
partial discharge data pattern are shown in Figure 6.7, which is the same as Figure 6.6. 
The features are as follows: 
• Pos. mean phase: Mean partial discharge phase for the positive polarity of the 
test voltage. 
• Pos. Qmean: Mean partial discharge magnitude for the positive polarity of the 
test voltage. 
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• Pos. Qmax: Maximum partial discharge magnitude for the positive polarity of 
the test voltage. 
• Neg. mean phase: Mean partial discharge phase for the negative polarity of 
the test voltage. 
• Neg. Qmean: Mean partial discharge magnitude for the negative polarity of 
the test voltage. 
• Neg. Qmax: Maximum partial discharge magnitude for the negative polarity 
of the test voltage. 
As each data acquisition is characterized by a set of six diagnostic features, a total 
of 32 sets of features for the cable samples and 16 sets for the joint samples are 
considered. A description of additional features obtained from the phase-resolved partial 
discharge data pattern is shown in Chapter 7. The additional features in conjunction with 
the six features previously described are used for the analysis and evaluation processes. 
A convenient way to represent and briefly analyze the different features for the 
different cable and joint samples is the use of box plots. In descriptive statistics, box plots 
are a method for graphically representing groups of numerical data through their five-
number descriptors [88]. The descriptors are the smallest value (0 % of the data), lower 
quartile (25 % of the data), median (50 % of the data), upper quartile (75 % of the data), 
and largest value (100 % of the data). Box plots can be useful to display differences 
between groups without making any assumptions of the underlying statistical 
distribution. The spacings between the different parts of the box help indicate the degree 
of dispersion (spread) and skewness in the data. 
Figure 6.8 shows the box plot of the laboratory measurements mean partial 
discharge magnitude by sample and test voltage polarity. In particular, two of the six 
features previously described are shown in Figure 6.8, they are the Pos. Qmean and the 

































Figure 6.8. Box plot of laboratory measurements mean discharge magnitude by sample 
and test voltage polarity. 
 
 
As seen in Figure 6.8, the difference between features for the same sample and 
between samples is easily observable. For example, the mean partial discharge magnitude 
for the positive polarity of the test voltage for sample N-1 has much more variability than 
the mean discharge magnitude for the negative polarity of the test voltage. The variability 
is related to how the particular feature changes over the 32 data acquisitions for sample 
N-1. In contrast, it can also be observed in Figure 6.8 that the changes and differences 
between the features are minimal for sample C-2 as the box plot descriptors are all the 
same. In Figure 6.8 the two test voltage levels of 1.25 and 1.50 of the inception voltage 
after preconditioning are considered together. 
However, the main goal of the laboratory test program is to study the differences 
between partial discharge measurements between cable system components, i.e. cable 
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and accessories. Therefore, the laboratory partial discharge data is grouped as partial 
discharge data from cables and partial discharge data from accessories. In this case, 
samples C-1, C-2, and N-1 are part of the cable data group and samples J-1, J-2, and A-1 
are part of the accessory group. A-1 is considered to be part of the accessory group 
because the artificial defect is introduced by a joint with metal filing in the middle length 

































Figure 6.9. Box plot of laboratory measurements mean discharge magnitude by 
component and test voltage polarity. 
 
 
Figure 6.9 shows the box plot for the mean partial discharge magnitude by 
component and test voltage polarity including again all test voltages. As seen in Figure 
6.9, when the laboratory data is grouped as cable and accessory, the spread in the mean 
partial discharge magnitude is the smallest in cable for the negative polarity of the test 
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voltage. In addition, considerable difference is observed between the mean partial 
discharge magnitudes for cables by test voltage polarity while no major differences are 
observed between the mean discharge magnitudes for accessories by test voltage polarity. 
In addition, it is also observed that the median mean partial discharge magnitude is the 
biggest for accessories; however, the accessories also demonstrate the greatest variability 


































Figure 6.10. Box plot of laboratory measurements maximum discharge magnitude by 
component and test voltage polarity. 
 
 
Figure 6.10 shows the box plot for the maximum partial discharge magnitude by 
component and test voltage polarity including all test voltage levels. In particular, the 
features Pos. Qmax and Neg. Qmax are shown in the figure. A similar behavior is 
observed for the maximum discharge magnitude features as compared to the mean 
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discharge magnitude features (i.e. Pos. Qmean and Neg. Qmean of Figure 6.9) in the 
sense that the spread in the maximum partial discharge magnitude is the smallest in cable 
for the negative polarity of the test voltage and that considerable difference is observed 
between the maximum partial discharge magnitude for cables by test voltage polarity 
while no major difference is observed between the maximum discharge magnitudes for 































Figure 6.11. Box plot of laboratory measurements mean discharge phase by component 
and test voltage polarity. 
 
 
In addition, Figure 6.11 shows the box plot for the mean discharge phase by 
component and test voltage polarity. The features Pos. mean phase and Neg. mean phase 
are shown in the figure. In this case, it is observed that the biggest spread in the mean 
phase is for cables in the positive polarity of the test voltage. Note also that generally, the 
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mean phase is lower for the negative polarity of the test voltage for the cable group while 
the contrary is observed for the accessory group, i.e. the mean phase is generally lower 
for the positive polarity compared to the negative polarity of the test voltage. 
6.9.2 Field Partial Discharge Data 
This section describes and presents a basic analysis of the partial discharge field 
data. The data have been provided to the author by one of the utilities participant of the 
CDFI project. The data are based on 25 partial discharge locations of an XLPE-15 kV 
cable system installed in the early 1970s. The tests have been performed from 1.3 to 2.5 
U0, were U0 is the system operating voltage (7.2 kV). The data are balanced between 
cable system components, i.e. 51 % of the data correspond to partial discharge located in 
cable while 49 % correspond to partial discharge located in accessories; specifically, 35 
% located in terminations and 14 % located in joints.  
Figure 6.12 shows the phase-resolved patterns for the field partial discharge data 
considering the 25 partial discharge locations, each color and marker in the figure 
represent a different partial discharge location. In Figure 6.12, the absolute magnitude of 























Figure 6.12. Phase-resolved patterns for the field partial discharge data. 
 
 
The cumulative density functions of the partial discharge magnitude from the 
phase-resolved patterns by system component are presented in Figure 6.13. Similar to the 
laboratory data, the field data are classified by component and test voltage polarity. As 
seen in the figure, in general partial discharge in cables is the lowest, partial discharge in 
joints is the highest, and partial discharge in terminations is in between cable and joint. In 
addition, a similar behavior is observed between the partial discharge magnitudes for the 



























The partial discharge field data can also be visualized by using a box plot. Figure 
6.14 shows the box plot for the partial discharge magnitude for the field data by cable 
system component. It can be observed in Figure 6.14 that the lowest spread is for cable 
while the highest spread is observed for joints for both polarities of the test voltage. It can 
also be observed in Figure 6.14 (similarly to the results from Figure 6.13) that in general, 
the partial discharge in cables is the lowest while the partial discharge in joints is the 




























Figure 6.14. Box plot of discharge magnitude of field partial discharge data by 
component and polarity. 
 
 
6.10 Summary and Conclusions 
The Chapter has introduced the basic concepts, means of diagnosis, and 
limitations of partial discharge measurements. Brief descriptions of the available partial 
discharge data, feature extraction, and classification tools, have also been introduced. A 
comprehensive literature review on the “state of the art” on characterization of defects by 
partial discharge measurements has been presented. 
Moreover, the Chapter has described and briefly analyze laboratory and field 
partial discharge data that are the basis for the evaluation and analysis of partial discharge 
diagnostic features presented in Chapter 7. The data are based on the phase-resolved 
partial discharge pattern and are classified into two groups, i.e. partial discharge in cable 
and partial discharge in accessory. The laboratory partial discharge data have been 
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measured by the author while the data from partial discharge field tests have been 






ANALYSIS AND EVALUATION OF PARTIAL DISCHARGE 
DIAGNOSTIC FEATURES 
7.1 Introduction 
The partial discharge phase-resolved data pattern, the main focus of this Chapter, 
can provide a wide range of diagnostic features that could correlate well with the nature 
of the partial discharge defects. The set of features form a feature vector or fingerprint 
that can be used to classify the partial discharge data into groups. In this work, the set of 
partial discharge diagnostic features is used to identify whether the partial discharge is 
from cable or accessory, this is a classification problem in which the goal is to use the set 
of partial discharge diagnostic features for the classification. 
Once the set of diagnostic features has been established, there is the issue of the 
relevance of the features. In other words, which features have the most discriminating 
properties for the classification. The determination of the feature relevance is an analysis 
and evaluation process. Such an analysis and evaluation could lead to a reduced number 
of features with clearer physical meaning and effectiveness; thus, resulting in a better 
understanding of the partial discharge. 
Therefore, this Chapter presents a process for finding a robust set of partial 
discharge diagnostic features, disregarding the unnecessary features, and considering 
partial discharge data into groups of cable and accessory. The process is divided into two 
portions, i.e. an initial analysis and a final evaluation of the partial discharge diagnostic 
features. The main goal of the Chapter is to show a methodology which is able to 
determine a suitable set of partial discharge diagnostic features that could enhance the 
classification. The features are analyzed using data, which have been described in 
Chapter 6, obtained from laboratory experiments and field tests. 
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The initial analysis portion of the process takes advantage of the hierarchical 
structure and taxonomy of the partial discharge diagnostic features by performing the 
cluster variable analysis of the diagnostic features. The cluster variable analysis provides 
a feature selection by disregarding unnecessary features that carry similar information. 
The evaluation portion of the process is accomplished by performing the recursive 
feature elimination (RFE) of the partial discharge diagnostic features that are the result of 
the initial cluster variable analysis. The RFE provides a tool for ranking the partial 
discharge diagnostic features by taking into account the classification potential of each 
diagnostic feature compared to others. 
Results reveal that different types of diagnostic features have to be used in order 
to achieve an appropriate level of dissimilarity between diagnostic features and good 
classification performance.  
7.2 Motivation 
Earlier research work conducted in the CDFI project [89] has shown that the two 
“traditional” partial discharge diagnostic features, i.e. partial discharge magnitude and 
inception voltage, are not sufficient to characterize partial discharge sites that eventually 
fail after a number of years after testing. There is no question that, this finding raises a 
number of questions, which are as follows: 
1. If the two “traditional” partial discharge diagnostic features are not sufficient; 
approximately how many diagnostic features are needed? 
2. What are the sorts of partial discharge diagnostic features that would be 
required? 
3. If additional partial discharge diagnostic features are considered for 
classification of partial discharge data; how good might the classification be? 
4. Which partial discharge diagnostic features are the most significant? 
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The work reported in this Chapter addresses questions 1 to 4 above. To address 
these questions partial discharge diagnostic features from laboratory and field partial 
discharge data are analyzed and evaluated. The analysis and evaluation process allows for 
the determination of a suitable set of partial discharge diagnostic features giving answer 
to the previous questions. The analysis and evaluation process is explained and results are 
shown in the following subsections. 
7.3 Analysis and Evaluation Process of Partial Discharge Diagnostic Features 
The analysis and evaluation process of partial discharge diagnostic features is 
shown in the flowchart of Figure 7.1. As shown in Figure 7.1, the analysis and evaluation 
process starts by considering an initial set of partial discharge diagnostic features derived 




Figure 7.1. Analysis and Evaluation procedure of partial discharge diagnostic features. 
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Particularly, the analysis portion of the process is accomplished by performing a 
cluster variable analysis of the partial discharge diagnostic features while the evaluation 
portion of the process is accomplished by performing an innovative feature evaluation 
method named recursive feature elimination (RFE). 
The cluster variable analysis is used to reduce the number of the initial set of 
available partial discharge diagnostic features; thus, the cluster variable analysis can be 
seen as an initial filter method that is used to select a subset of diagnostic features in 
terms of criterion functions that take into account the taxonomy between the diagnostic 
features and are independent of classification groups or type of classifier if an eventual 
classification problem is to be performed. 
Once the initial set of partial discharge diagnostic features has been reduced by 
the cluster variable analysis, the RFE provides a tool to rank the diagnostic features by 
taking into account the classification potential of each diagnostic feature compared to 
others for groups in the data as cable or accessory. Descriptions of the cluster variable 
analysis and RFE are shown in the next subsections. 
7.3.1 Cluster Variable Analysis 
One of the problems present when considering a large number of partial discharge 
diagnostic features is how to organize them into meaningful structures, i.e. to develop 
taxonomies. For example, before a meaningful description of differences between 
animals is possible, biologists have to organize the different animal species into groups or 
clusters. In the case of the partial discharge diagnostic features the organization can be 
accomplished by performing a cluster variable analysis of the features. 
Researchers have typically used cluster variable analysis to process the individual 
partial discharge measurements [76, 90-92]. In this research a different and novel 
approach is used, whereby the features, not the measurements, are clustered. As 
mentioned in the previous section, the cluster variable analysis of the partial discharge 
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diagnostic features is the first part of the analysis and evaluation procedure. 
Cluster variable analysis [93] is useful because it identifies key variables that 
explain the principal dimensionality of the data. It is used to classify the data into groups 
when the groups are initially unknown. One important reason to cluster variables may be 
to reduce their number; but more importantly, clustering variables is used in this research 
to understand their taxonomy and meaning of the partial discharge diagnostic features. 
This technique may identify new variables that are more intuitively understood than those 
found using principal components analysis since no mathematical transformations are 
applied to the data. 
The analysis is an agglomerative hierarchical method that begins with a separate 
treatment of all features, each forming its own cluster. In the initial step, the two features 
closest together are joined. In the next step, either a third feature joins the first two (now 
considered as a stand-alone cluster), or to another feature is joined with a different 
cluster. This process continues until all clusters are joined into one. The complete 
procedure, from the initial cluster variable analysis to the final feature selection, is 
explained in steps later in the section. 
The agglomerative hierarchical method uses the distances between variables when 
forming the clusters. These distances are based on a single dimension that uses the 
absolute Pearson correlation coefficient between features [93]. The correlation coefficient 
can be translated to a level of similarity between clusters. The level of similarity can be 
used as a tool to compare the relationship between features or clusters. 
The similarity level between two features or clusters, e.g. features or clusters i and 











Sij: Similarity level between features or clusters i and j, 
dij: distance measure between features or clusters i and j, based on the absolute 
Pearson correlation coefficient, 
dmax: Maximum distance between the initial set of features before starting the 
clustering procedure. 
The interpretation of the level of similarity is quite straight forward. The level of 
similarity is a number that ranges from 0 to 100 %. A similarity level around 100 % 
indicates that the features or clusters under investigation are redundant, i.e. they carry 
essentially the same information. In other words, the features or clusters are highly 
correlated; thus, they can be seen as not adding much to solving an eventual classification 
problem. In contrast, a level of similarity around 0 % indicates that the features or 
clusters under investigation are complimentary or uncorrelated. Thus, the likelihood of 
using these features or clusters in an eventual classification problem with good 
classification results is higher than using redundant features or clusters. 
There are several algorithms available for the clustering of the partial discharge 
diagnostic features and each of them may yield to different results [75, 93]. However, in 
this research, the group average and the furthest neighbor methods are used in the cluster 
variable analysis of the partial discharge diagnostic features. Specifically, the group 
average method is used in the agglomerative procedure during clustering while the 
furthest neighbor method is used in the feature selection. The final clusters and partial 
discharge features are determined as follows: 
1. Initially each feature is declared as a cluster and all distances between clusters 
are calculated. 
2. Two clusters with the smallest distance between them are fused together and 
declared to be a new cluster. This is the beginning of the agglomerative 
process. 
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3. All distances between clusters are again calculated and the agglomerative 
process continues until the number of clusters is one. The group average 
method is used to calculate the average distance between clusters. 
4. Once one cluster is left, the number of clusters to be considered for the final 
feature selection is determined by choosing a similarity level. 
5. For each final cluster, the feature that has the furthest distance to other clusters 
is selected to represent its cluster in the RFE process. This is the application of 
the furthest neighbor method that yields to the feature selection as the result of 
the cluster variable analysis. 
The results of the clustering procedure can be represented graphically in a tree-
like plot, also known as a dendrogram plot. The dendrogram plot for the cluster variable 
analysis represents the features under analysis on the x-axis and the level of similarity 
between features and clusters on the y-axis. The clusters are represented by vertical and 
horizontal lines between the features. 
Determining the number of clusters for the final feature selection can be termed as 
“cutting the dendrogram”. Cutting the dendrogram is akin to drawing a line across the 
dendrogram to specify the final grouping at a particular similarity level. There is no pre-
established procedure on choosing the similarity level for cutting the dendrogram; 
however, the pattern of how similarity or distance values change from step to step in the 
agglomerative procedure can help in choosing the final grouping. Therefore, the step 
where the number of cluster changes abruptly may be a good starting point for cutting the 
dendrogram. The final point for cutting the dendrogram is usually given by the physical 
sense of the taxonomy of the data, i.e. the final point is determined by the lowest 
similarity level at which the features can be clustered keeping their taxonomy. Results of 
the cluster variable analysis for both, laboratory and field partial discharge data, are 
presented in next subsections. 
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7.3.2 Recursive Feature Elimination (RFE) 
Once the initial set partial discharge diagnostic features is reduced by performing 
the cluster variable analysis, there is the question of which of the features are more 
relevant if there are used in a classification problem. The answer to the question can be 
provided by an evaluation process of the partial discharge diagnostic features. The 
evaluation process is accomplished here by the use of the RFE algorithm based on 
support vector machines (SVM) classifier [94]. The basis of the partial discharge 
diagnostic feature evaluation procedure can be seen in Figure 7.2. 
 









Figure 7.2. Basis of the partial discharge diagnostic features evaluation procedure. 
 
 
In Figure 7.2, the evaluation procedure of the partial discharge diagnostic features 
begins by considering the set of partial discharge diagnostic features resulting from the 
cluster variable analysis. The procedure is performed by a RFE algorithm based on a 
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SVM classifier with a linear kernel. The results from the evaluation procedure are ranks 
for each partial discharge diagnostic feature. The rank is based on the potential of each 
diagnostic feature to classify the data between the groups of cable or accessory when all 
the features are considered together in the classification problem. A description of the 
RFE algorithm based on a SVM classifier with a linear kernel is shown in the next 
paragraphs. 
The RFE algorithm based on SVM for feature evaluation has been proposed in 
[94] to conduct gene selection for cancer classification. In the algorithm, nested subsets 
of features are selected in a sequential backward elimination manner, which starts with all 
the features and removes one feature at a time. At each step, the coefficients of the weight 
vector w of a SVM with a linear kernel are used to compute the feature ranking score. 
The diagnostic feature, e.g. feature i, with the smallest ranking score ci=wi2 is eliminated, 
where wi represents the corresponding component in the weight vector w to the feature i. 
Using ci=wi2 as the feature ranking score corresponds to removing the feature whose 
removal changes the performance of the SVM classifier the least [95]. In other words, the 
RFE algorithm seeks to improve generalization performance in the classification problem 
by removing the least important feature at the time whose deletion will have the least 
effect on training errors of the SVM. 
The RFE algorithm based on SVM with linear kernel for feature evaluation is 
implemented as follows: 
1. Start with the set of ranked features as R:{Φ} and the set of partial discharge 
diagnostic features (from the cluster variable analysis) as S:{1, …, i, …, n}. 
2. Repeat steps a to e until all features are ranked: 
a. Train a SVM with linear kernel using the features in current set S as input 
variables. 
b. Determine the weight vector. 
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c. Based on the weights, compute the ranking scores for all the features in set 
S as ci=wi2. 
d. Find the feature with the smallest ranking score, e.g. feature i. 
e. Update the set of ranked features as R:{Φ,i} (i.e. adding feature i in the 
last position in the set R) and the current set of partial discharge diagnostic 
features as S:{1, …, i, …, n} – {i} (i.e. eliminating feature i from the set 
S). 
3. Output the ranked feature set R. 
Additional description of the RFE algorithm based on SVM considering 
overfitting to higher dimensional spaces with non-linear kernels and more than two 
classification groups can be found in [96]. 
7.4 Analysis and Evaluation of Partial Discharge Features from Laboratory Data 
The laboratory data used here have been described in Section 6.9.1 of Chapter 6. 
Initial inspection of the partial discharge data provided by the measuring equipment 
shows that approximately 50 partial discharge diagnostic features are available for 
analysis and evaluation. They include features based on the phase-resolved data, time-
resolved data, data without the phase or time information, inception and extinction 
voltages before and after preconditioning, fuzzy logic membership functions values, and 
test voltage as explained in detail in [28]. 
However, only a subset of the initially available features is selected for the 
analysis and evaluation process. The subset is selected on the basis of common diagnostic 
features obtained from the partial discharge phase-resolved data pattern, inception and 
extinction voltages and test voltage. A brief description of the initial set of features is 
presented in Table 7.1. 
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Table 7.1. Laboratory data partial discharge diagnostic features description. 
 
No. Name† Description 
1 Pos. Qmean [V] Mean discharge magnitude 
2 Pos. Qmax [V] Maximum discharge magnitude 
3 Pos. Qmean [pC] Mean discharge magnitude 
4 Pos. Qmax [pC] Maximum discharge magnitude 
5 Pos. Mean Phase [deg] Mean phase 
6 Pos. Phase Range [deg] Phase range 
7 Pos. Mean Energy [pC*V] Mean energy 
8 Pos. Max Energy [pC*V] Max energy 
9 Pos. Alpha Amp. Dist. Amplitude shape parameter (Weibull) 
10 Pos. Beta Amp. Dist. Amplitude scale parameter (Weibull) 
11 Pos. Skewness Amp. Dist. Skewness of the magnitude distribution 
12 Pos. Skewness Ph. Dist. Skewness of the phase distribution 
13 Neg. Qmean [V] Mean discharge magnitude 
14 Neg. Qmax [V] Maximum discharge magnitude 
15 Neg. Qmean [pC] Mean discharge magnitude 
16 Neg. Qmax [pC] Maximum discharge magnitude 
17 Neg. Mean Phase [deg] Mean phase 
18 Neg. Phase Range [deg] Phase range 
19 Neg. Mean Energy [pC*V] Mean energy 
20 Neg. Max Energy [pC*V] Max energy 
21 Neg. Alpha Amp. Dist. Amplitude shape parameter (Weibull) 
22 Neg. Beta Amp. Dist. Amplitude scale parameter (Weibull) 
23 Neg. Skewness Amp. Dist. Skewness of the magnitude distribution 
24 Neg. Skewness Ph. Dist. Skewness of the phase distribution 
25 D Symmetry factor, positive over negative number of pulses 
26 Nw [pulses/cycle] Average number of pulse per period 
27 Mean Energy Ratio Ratio of  the positive mean energy and the negative mean energy 
28 IV Before[kV] Inception voltage before preconditioning 
29 IV After [kV] Inception voltage after preconditioning 
30 EV Before [kV] Extinction voltage before preconditioning 
31 EV After [kV] Extinction voltage after preconditioning 
32 Voltage [kV] Test voltage 




As seen in Table 7.1, a significant number of types of partial discharge diagnostic 
features are considered for the analysis and evaluation process. The features include 
typical partial discharge diagnostic features such as discharge magnitude and inception 
and extinction voltages in addition to other features that are available due to the 
capabilities of modern partial discharge acquisition equipment. 
The dendrogram for the cluster variable analysis of the 32 partial discharge 
diagnostic features of Table 7.1 is shown in Figure 7.3. In this case, all the partial 
discharge data is considered together for the two test voltages levels of 1.25 and 1.50 
times the inception voltage after preconditioning as mentioned previously in Chapter 6. 
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The dendrogram of Figure 7.3 displays the results of the tree clustering procedure 
and suggests features which might be combined. The features can be combined by 
averaging or totaling. In other words, it identifies groups whose features share common 
characteristics. In this case, the inception and extinction voltages before and after 
preconditioning are similar. High levels of similarity are also observed between the 
discharge magnitudes in pC and V as well the level between the mean and maximum 
levels of energy. On the other hand, low levels of similarity are observed between the 
positive phase range and the positive mean phase and the other clusters of features. 
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Figure 7.4. Dendrogram for the reduced set of 15 partial discharge diagnostic features. 
 
 
Because of the large number of diagnostic features in Figure 7.3, the analysis of 
the dendrogram is quite complicated. Thus, for further analysis, the number of features is 
reduced to a more manageable number. For example, features such as testing voltage, and 
inception and extinction voltages before and after preconditioning are removed from 
further analysis since they depend on the geometry of the defect. The dendrogram for the 
reduced set of 15 features is shown in Figure 7.4. 
As seen in Figure 7.4, the mean and maximum charge magnitudes contain very 
similar information (cluster 3a) and they can constitute a separate cluster. The same 
situation is also observed for the energies (cluster 3b) as well as the symmetry factor (D) 
and mean energy ratio (cluster 6). Note that the clusters formed by the charge magnitudes 
and energy levels can be also combined into one cluster (cluster 3) when comparing their 
similarity level with the other diagnostic features. The remaining question is how to 
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determine the final reduced clusters of variables. 
The final grouping of variable clusters can be termed “cutting the dendrogram”. 
Cutting the dendrogram is akin to drawing a line across the dendrogram to specify the 
final grouping at a particular similarity level. As mentioned before, the similarity level at 
which the number of variables changes abruptly may be a good point for cutting the 
dendrogram. In Figure 7.4, the similarity level chosen for the final partition or feature 
selection is 50 %. The result of cutting the dendrogram at the 50% similarity level is 
shown in Table 7.2. As seen in Table 7.2, the initial set of 32 variables from Table 7.1 
can be reduced to 7 clusters. Clusters 1, 2, 4, 5, and 7 have only one component as 
feature. In contrast, cluster 3 is formed by the features regarding the discharge 
magnitudes and energies and cluster 6 is formed by the symmetry factor (D) and mean 
energy ratio. 
 
Table 7.2. Cluster variable analysis results of laboratory data. 
 
Cluster No. Feature No. (Table 7.1) Feature Name 
1 6 Pos. Phase Range [deg] 
2 5 Pos. Mean Phase [deg] 
3 
4 Pos. Qmax [pC] 
16 Neg. Qmax [pC] 
15 Neg. Qmean [pC] 
3 Pos. Qmean [pC] 
7 Pos. Mean Energy [pC*V] 
8 Pos. Max Energy [pC*V] 
20 Neg. Max Energy [pC*V] 
19 Neg. Mean Energy [pC*V] 
4 18 Neg. Phase Range [deg] 
5 17 Neg. Mean Phase [deg] 
6 25 D 27 Mean Energy Ratio 




The most important conclusion from the cluster variable analysis shown in Table 
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7.2 is that the analysis gives an indication of the type and number of partial discharge 
diagnostic features that should be used for partial discharge classification. For instance, 
the analysis indicates that the discharge magnitude and energy level, phase information, 
symmetry factor, mean energy ratio, and the average number of pulses per period should 
be considered separately when using them as partial discharge diagnostic features. 
As mentioned before in Section 7.3.1, for each cluster in Table 7.2, the diagnostic 
feature that has the furthest distance to the other clusters is selected to represent its cluster 
in the subsequent evaluation process. In Table 7.2, the selected features in each cluster 
are highlighted in gray; the seven clusters provide seven different features for evaluation. 
Once each cluster is represented by one feature, the evaluation portion of the 
process is performed. Specifically, Table 7.3 shows the results for the ranking of the 
partial discharge diagnostic features. The ranks are the results of the feature evaluation 
process using RFE. As seen in Table 7.3, the Pos. mean phase is the most important 
feature followed by the Neg. Phase Range, D (Symmetry Factor), Pos. Qmean, Neg. 
Mean Phase, Pos. Phase Range, and Nw (average number of partial discharge pulses per 
cycle) respectively. 
 
Table 7.3. Results for the ranking of the partial discharge diagnostic features from 
laboratory data using RFE. 
 
Feature Name Cluster No (Table 7.2) 
Feature No 
(Table 7.2) Feature Rank 
Pos. Phase Range [deg] 1 6 6th 
Pos. Mean Phase [deg] 2 5 1st 
Pos. Qmean [pC] 3 3 4th 
Neg. Phase Range [deg] 4 18 2nd 
Neg. Mean Phase [deg] 5 17 5th 
D 6 25 3rd 





To grasp the significance of the ranked partial discharge features in an easy to 
understand visual manner, Figure 7.5 shows the matrix image plot of the ranked partial 
discharge diagnostic features and component groups. In Figure 7.5, the columns 1 to 7 on 
the left represent the ranked partial discharge diagnostic features with 1 corresponding to 
the feature ranked as the first (Pos. mean phase) and 7 corresponding to the features 
ranked as the last (Nw) as shown in Table 7.3. The last column in Figure 7.5 represents 
the grouping by component. In the component column the accessory group is represented 
by the black color while the cable group is represented by the white color. The lines 
(rows) in the figure represent the different data points. The first 64 lines, starting from the 
top-down, are the data points that belong to the accessory group and the remaining 96 




Figure 7.5. Matrix image plot of ranked partial discharge diagnostic features. 
 
 
The two dimensional matrix image of Figure 7.5 is useful because it provides a 
 216
visual way of relating the ranked partial discharge diagnostic features to the grouping or 
component column. As seen in the figure, the features are ranked from the left to the 
right. The most relevant feature is at the extreme left column while the least relevant 
feature is at the right column just before the column representing the components 
grouping. The image is built using the features values as color reference for expression in 
a gray scale. The gray shading indicates the feature expression related to the classification 
groups. Specifically, the lighter the stronger the feature is correlated to the cable group 
and the darker the stronger the feature is correlated to the accessory group. 
It can be seen in Figure 7.5 that the most relevant feature (Pos. mean phase) is 
also the most visually correlated with the component column in the sense that the feature 
expression is generally darker for the first 64 lines and generally lighter for the remaining 
96 lines. In addition, it can also be observed in the figure that the least relevant feature 
(Nw) is also the least visually correlated with the component column in the sense that the 
feature expression generally alternates between dark and light for both component. These 
results are in accordance with the RFE results in the sense that the most visually relevant 
feature is ranked the first and the least visually relevant feature is ranked the last. 
Another way to grasp the significance of the diagnostic feature relevance is by 
looking at the SVM classifier performance. The classifier performance, using the ranked 
features shown in Table 7.3, is presented in Table 7.4 and Figure 7.6. The classifier 
performance is assessed by the class loss in percent. The class loss is the total number of 
incorrectly classified data points for the cable and accessory groups over the total number 
of data points. Remember from Chapter 6 that 32 data points are considered for each 
cable sample (N-1, C-1, C-2, and A-1) and 16 data points are considered for each joint 
sample (J-1 and J-2). Therefore, a total of 160 data points (64 for the accessory group and 
96 for the cable group) are considered in the evaluation process. A data point can be 
thought as one set of the seven diagnostic features used in the evaluation process each of 
which represents a phase-resolved pattern for each partial discharge data acquisition. 
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Table 7.4. Laboratory data SVM classifier performance using ranked features. 
 
Ranked Feature Name Class Loss (cable and accessory groups) [%] 19.70 15.50 9.80 0.00 0.00 0.00 0.00 
1st - Pos. mean phase [deg] × × × × × × × 
2nd - Neg. Phase Range [deg] - × × × × × × 
3rd - D - - × × × × × 
4th - Pos. Qmean [pC] - - - × × × × 
5th - Neg. Mean Phase [deg] - - - - × × × 
6th - Pos. phase range [deg] - - - - - × × 





















Figure 7.6. Class loss as function of feature rank for laboratory data. 
 
 
As seen in Table 7.4 and Figure 7.6, the class loss for the SVM classifier when 
using the first ranked partial discharge diagnostic feature is 19.70 %. If the first and the 
second ranked features are used in the classification, the class loss improves to a value of 
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15.50 %. Similarly, if the first three ranked partial discharge features are used in the 
classification, the class loss also improves to a value of 9.80 %. Finally, if four or more of 
the ranked partial discharge features are used in the classification, the class loss becomes 
zero. In other words, the SVM with linear kernel is able to completely group the partial 
discharge data between the cable and the accessory groups with at least four of the seven 
ranked partial discharge diagnostic features. These results are significant in the sense that 
the analysis and evaluation process has allowed a reduction in the number of partial 
discharge diagnostic features from the initial set of 32 to 4 and having a complete 
separation between the component groups. 
 






























Figure 7.7. Two dimensional scatter plot by component considering the first two ranked 





















Figure 7.8. Three dimensional scatter plot by component considering the first three 
ranked partial discharge diagnostic features from the laboratory data. 
 
 
To gain a better appreciation of the separation between the groups, Figure 7.7 
shows a two-dimensional scatter plot by component considering the first two ranked 
partial discharge diagnostic features and Figure 7.8 shows a three-dimensional scatter 
plot by component considering the first three ranked partial discharge diagnostic features. 
In the plots, each feature has been normalized by its maximum value such that its values 
are in the range between zero and one. 
If the group separation between Figure 7.7 and Figure 7.8 are visually compared, 
it is evident that a better separation is observed in Figure 7.8 in which three of the first 
ranked partial discharge features are used instead of the two partial discharge features of 
Figure 7.7. This result is expected since the class loss for the SVM classifier is 15.50 % 
corresponding to Figure 7.7 compared to 9.80 % corresponding to Figure 7.8. 
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7.5 Analysis and Evaluation of Partial Discharge Features from Field Data 
The analysis and evaluation process of the partial discharge diagnostic features 
has also been applied to the partial discharge data obtained from field tests. The main 
goal in this section is to apply the analysis and evaluation process of partial discharge 
diagnostic features to a different set of features and compare its results with the results of 
the analysis and evaluation process shown in the previous section. 
Particularly, the field partial discharge data used here has been described in 
Section 6.9.2 of Chapter 6. In this case, the initial inspection of the provided partial 
discharge data shows that a total of 57 partial discharge diagnostic features are available 
for the analysis and evaluation. The features are composed by test voltage, statistical 
descriptors of the partial discharge magnitude by test voltage polarity, statistical 
descriptors of the partial discharge phase by test voltage polarity, statistical descriptors of 
the partial discharge energy by test voltage polarity, symmetry factor, and partial 
discharge energy ratio. The description for each of the 57 partial discharge diagnostic 












Table 7.5. Field data partial discharge diagnostic features description. 
 
No. Name† Description 
1 Voltage [U0] Test voltage 
2 Neg. Mean Q [pC] Mean discharge magnitude 
3 Neg. Mean Phase [deg] Mean phase 
4 Neg. Mean Energy [pC*kV] Mean energy 
5 Neg. Stdv. Q [pC] Discharge magnitude standard deviation 
6 Neg. Stdv. Phase [deg] Phase standard deviation 
7 Neg. Stdv. Energy [pC*kV] Energy standard deviation 
8 Neg. Q1 Q [pC] Discharge magnitude first quartile 
9 Neg. Q1 Phase [deg] Phase first quartile 
10 Neg. Q1 Energy [pC*kV] Energy first quartile 
11 Neg. Median Q [pC] Discharge magnitude median 
12 Neg. Median Phase [deg] Phase median 
13 Neg. Median Energy [pC*kV] Energy median 
14 Neg. Q3 Q [pC] Discharge magnitude third quartile 
15 Neg. Q3 Phase [deg] Phase third quartile 
16 Neg. Q3 Energy [pC*kV] Energy third quartile 
17 Neg. IQR Q [pC] Discharge magnitude interquartile range 
18 Neg. IQR Phase [deg] Phase interquartile range 
19 Neg. IQR Energy [pC*kV] Energy interquartile range 
20 Neg. Min. Q [pC] Minimum discharge magnitude 
21 Neg. Min. Phase [deg] Minimum phase 
22 Neg. Min. Energy [pC*kV] Minimum energy 
23 Neg. Max. Q [pC] Maximum discharge magnitude 
24 Neg. Max. Phase [deg] Maximum phase 
25 Neg. Max. Energy [pC*kV] Maximum energy 
26 Neg. Range Q [pC] Discharge magnitude range 
27 Neg. Range Phase [deg] Phase range 
28 Neg. Range Energy [pC*kV] Energy range 
29 Pos. Mean Q [pC] Mean discharge magnitude 
30 Pos. Mean Phase [deg] Mean phase 
31 Pos. Mean Energy [pC*kV] Mean energy 
32 Pos. Stdv. Q [pC] Discharge magnitude standard deviation 
33 Pos. Stdv. Phase [deg] Phase standard deviation 
34 Pos. Stdv. Energy [pC*kV] Energy standard deviation 
35 Pos. Q1 Q [pC] Discharge magnitude first quartile 
36 Pos. Q1 Phase [deg] Phase first quartile 
37 Pos. Q1 Energy [pC*kV] Energy first quartile 
38 Pos. Median Q [pC] Discharge magnitude median 
39 Pos. Median Phase [deg] Phase median 
40 Pos. Median Energy [pC*kV] Energy median 
41 Pos. Q3 Q [pC] Discharge magnitude third quartile 
42 Pos. Q3 Phase [deg] Phase third quartile 
43 Pos. Q3 Energy [pC*kV] Energy third quartile 
44 Pos. IQR Q [pC] Discharge magnitude interquartile range 
45 Pos. IQR Phase [deg] Phase interquartile range 
46 Pos. IQR Energy [pC*kV] Energy interquartile range 
47 Pos. Min. Q [pC] Minimum discharge magnitude 
48 Pos. Min. Phase [deg] Minimum phase 
49 Pos. Min. Energy [pC*kV] Minimum energy 
50 Pos. Max. Q [pC] Maximum discharge magnitude 
51 Pos. Max. Phase [deg] Maximum phase 
52 Pos. Max. Energy [pC*kV] Maximum energy 
53 Pos. Range Q [pC] Discharge magnitude range 
54 Pos. Range Phase [deg] Phase range 
55 Pos. Range Energy [pC*kV] Energy range 
56 D Symmetry factor, positive over negative number of pulses 
57 Energy Ratio Ratio of  the positive mean energy and the negative mean energy 





The partial discharge diagnostic features obtained from the field tests data (Table 
7.5) are not the same as the partial discharge diagnostic features obtained from the 
laboratory experiments data (Table 7.1). This is due to the nature of the data sets, e.g. the 
test voltage has been excluded in the analysis and evaluation process of partial discharge 
diagnostic features from laboratory experiments data because it depends on the geometry 
of the defect; while for the partial discharge diagnostic features from field tests data, the 
test voltage can be considered in the analysis and evaluation process because all the 
partial discharge sites belong to the same cable system and therefore it can be assumed 
that the geometry of the defects between partial discharge sites is somewhat similar. Even 
though the considered partial discharge diagnostic features are not exactly the same for 
the laboratory experiments and field tests data, they do carry similar information 
regarding partial discharge magnitude, phase, and symmetries. 
 









































































































































































































































































































































































































































































































































































Figure 7.9. Dendrogram for the 57 partial discharge diagnostic features of field data. 
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The dendogram, for the 57 diagnostic features as shown in Table 7.5, is shown in 
Figure 7.9. As mentioned before, the dendrogram identifies groups or cluster whose 
features share common characteristics forming a cluster. The number of clusters can be 
determined by choosing the similarity level. In this case, a similarity level of 50 % is 
selected to cut the dendrogram determining the final cluster of features. Remember from 
previous sections that the similarity level, at which there is an abrupt change in the 
number of clustered features, is a good point for cutting the dendrogram if the final 
features partition makes physical sense to the data. The result of cutting the dendrogram 
of Figure 7.9 at the 50% similarity level is shown in Figure 7.10 and Table 7.6. 
 


















































































































































































































































































































































































































































































































































































Figure 7.10. Dendrogram for the 57 partial discharge diagnostic features of field data cut 





Table 7.6. Cluster variable analysis results of field data. 
 
Cluster No. No. Name 
1 1 Voltage [U0] 
2 
3 Neg. Mean Phase [deg] 
9 Neg. Q1 Phase [deg] 
12 Neg. Median Phase [deg] 
15 Neg. Q3 Phase [deg] 
21 Neg. Min. Phase [deg] 
24 Neg. Max. Phase [deg] 
30 Pos. Mean Phase [deg] 
36 Pos. Q1 Phase [deg] 
39 Pos. Median Phase [deg] 
42 Pos. Q3 Phase [deg] 
48 Pos. Min. Phase [deg] 
51 Pos. Max. Phase [deg] 
3 
6 Neg. Stdv. Phase [deg] 
18 Neg. IQR Phase [deg] 
27 Neg. Range Phase [deg] 
4 
33 Pos. Stdv. Phase [deg] 
45 Pos. IQR Phase [deg] 
54 Pos. Range Phase [deg] 
5 
2 Neg. Mean Q [pC] 
4 Neg. Mean Energy [pC*kV] 
5 Neg. Stdv. Q [pC] 
7 Neg. Stdv. Energy [pC*kV] 
11 Neg. Median Q [pC] 
13 Neg. Median Energy [pC*kV] 
14 Neg. Q3 Q [pC] 
16 Neg. Q3 Energy [pC*kV] 
17 Neg. IQR Q [pC] 
19 Neg. IQR Energy [pC*kV] 
23 Neg. Max. Q [pC] 
25 Neg. Max. Energy [pC*kV] 
26 Neg. Range Q [pC] 
28 Neg. Range Energy [pC*kV] 
29 Pos. Mean Q [pC] 
31 Pos. Mean Energy [pC*kV] 
32 Pos. Stdv. Q [pC] 
34 Pos. Stdv. Energy [pC*kV] 
38 Pos. Median Q [pC] 
40 Pos. Median Energy [pC*kV] 
41 Pos. Q3 Q [pC] 
43 Pos. Q3 Energy [pC*kV] 
44 Pos. IQR Q [pC] 
46 Pos. IQR Energy [pC*kV] 
50 Pos. Max. Q [pC] 
52 Pos. Max. Energy [pC*kV] 
53 Pos. Range Q [pC] 
55 Pos. Range Energy [pC*kV] 
6 
35 Pos. Q1 Q [pC] 
37 Pos. Q1 Energy [pC*kV] 
47 Pos. Min. Q [pC] 
49 Pos. Min. Energy [pC*kV] 
7 
8 Neg. Q1 Q [pC] 
10 Neg. Q1 Energy [pC*kV] 
20 Neg. Min. Q [pC] 
22 Neg. Min. Energy [pC*kV] 
8 57 Energy Ratio 






As seen in Figure 7.10 and Table 7.6, cutting the dendrogram of Figure 7.9, at a 
similarity level of 50 %, yields to nine clusters as the final partial discharge diagnostic 
features partition. In particular, four major types of partial discharge diagnostic features 
are observed in the taxonomy of the features. They are the test voltage (cluster 1), partial 
discharge phase (clusters 2, 3, and 4), partial discharge magnitude and energy (clusters 5, 
6, and 7), and symmetry (clusters 8 and 9). These results are in accordance with the types 
of partial discharge diagnostic features resulting from the analysis portion of the process 
of partial discharge diagnostic features from laboratory experiments data. 
 
Table 7.7. Results for the ranking of the partial discharge diagnostic features from field 
data using RFE. 
 
Feature Name Cluster No (Table 7.6) 
Feature No 
(Table 7.5) Feature Rank 
Voltage [U0] 1 1 6th 
Pos. Mean Phase [deg] 2 30 4th 
Neg. Stdv. Phase [deg] 3 6 2nd 
Pos. Stdv. Phase [deg] 4 33 7th 
Pos. Max. Energy [pC*kV] 5 52 1st  
Pos. Q1 Q [pC] 6 35 3rd  
Neg. Q1 Q [pC] 7 8 8th  
Energy Ratio 8 57 9th  




In Table 7.6, each cluster can be represented by choosing one diagnostic feature 
from each cluster. In this case, the feature that is chosen from each cluster is the feature 
that has the furthest distance to the other clusters. The selected features are highlighted in 
grey in Table 7.6 and are used in the subsequent evaluation process using RFE. 
Thus, Table 7.7 shows the results for the ranking of the partial discharge 
diagnostic features resulting from the cluster variable analysis. As seen in Table 7.7, the 
Pos. Max. Energy is the most relevant feature followed by the Neg. Stdv. Phase, Pos. Q1 
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Q, Pos. Mean Phase, D (symmetry factor), Voltage, Pos. Stdv. Phase, Neg. Q1 Q, and 
energy ratio respectively. 
 




Class Loss (cable and accessory groups) [%] 
51.16 51.16 30.23 24.41 25.58 24.41 20.93 20.93 39.59
1st - Pos. Max. 
Energy [pC*kV] × × × × × × × × × 
2nd - Neg. Stdv. 
Phase [deg] - × × × × × × × × 
3rd - Pos. Q1 Q 
[pC] - - × × × × × × × 
4th - Pos. Mean 
Phase [deg] - - - × × × × × × 
5th - D - - - - × × × × × 
6th - Voltage 
[U0]  - - - - - × × × × 
7th - Pos. Stdv. 
Phase [deg] - - - - - - × × × 
8th - Neg. Q1 Q 
[pC] - - - - - - - × × 
9th - Energy 

























Figure 7.11. Class loss as function of feature rank for field data. 
 
 
To grasp the significance of the partial discharge diagnostic features relevance, 
the SVM classifier performance is again considered. The classifier performance using the 
ranked features is shown in Table 7.8 and Figure 7.11. In this case, the classifier 
performance is also assessed by the class loss in percent. Remember that the class loss is 
the total number of incorrectly classified data points for the cable and accessory groups 
over the total number of data points. A data point is a set of the nine diagnostic features 
used in the evaluation process each of which represents a phase-resolved data pattern for 
each partial discharge location. The 25 partial discharge locations provide a total of 86 
data points for all test voltages; particularly, 42 data points belong to the accessory group 
and 44 data points belong to the cable group. 
As seen in Table 7.8 and Figure 7.11, the class loss for the SVM classifier when 
using the most relevant partial discharge diagnostic feature is 51.16 %. This means that 
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more than half of the data points are incorrectly classified. No improvement in the 
classifier performance is observed if the first two ranked partial discharge diagnostic 
features are used in the classification as the class loss remains 51.16 %. However, if the 
first three ranked partial discharge diagnostic features are used in the classification, the 
classifier performance improves to a value of 30.23 %. In addition, the best classifier 
performance is observed when seven or eight of the first ranked partial discharge features 
are used in the classification. Even though seven or eight features gives the best classifier 
performance, the SVM is not able to completely classify the data as the class loss is not 
zero. Only four features were required in the analysis and evaluation process of partial 
discharge diagnostic features from laboratory experiment partial discharge data. The 
differences between the classifier performances could be due to the fact that the 
acquisition of partial discharge data obtained from laboratory experiments is in a much 
more controlled conditions as compared to the field, since issues as noise coupling and 
attenuation of the partial discharge signal are minimal. 
Another important observation in Table 7.8 is the fact that considering the last 
ranked partial discharge diagnostic feature degrades the performance of the SVM 
classifier from 20.93 % to 39.50 %. Therefore, not in all cases adding additional features 
aid in the classification. This is the main reason why the features have to be analyzed and 
evaluated in detailed. 
To gain a better appreciation of the separation between the cable and accessory 
groups, Figure 7.12 shows a two-dimensional scatter plot by component considering the 
first two ranked partial discharge diagnostic features and Figure 7.13 shows a three-
dimensional scatter plot by component considering the first three ranked partial discharge 
diagnostic features. In the plots, each feature has been normalized by its maximum values 
such that its values are in the range between zero and one. 
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Figure 7.12. Two dimensional scatter plot by component considering the first two ranked 




















Figure 7.13. Three dimensional scatter plot by component considering the first three 
ranked partial discharge diagnostic features from the field data. 
 
 
If the group separation between Figure 7.12 and Figure 7.13 is visually compared, 
a better separation between the groups of cable and accessory is observed in Figure 7.13. 
This result is expected since the class loss for the SVM classifier is 51.15 % 
corresponding to Figure 7.12 compared to 30.23 % corresponding to Figure 7.13. 
7.6 Summary and Conclusions 
The Chapter has presented a process for finding a robust set of partial discharge 
diagnostic features, disregarding the unnecessary features, and considering partial 
discharge data into groups of cable and accessory. The process is divided into two 
portions, i.e. an initial analysis and a final evaluation of the partial discharge diagnostic 
features. The features have been identified using partial discharge data, which have been 
described in Chapter 6, obtained from laboratory experiments and field tests. 
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The initial analysis portion of the process takes advantage of the hierarchical 
structure and taxonomy of the partial discharge diagnostic features by performing the 
cluster variable analysis of the diagnostic features. The cluster variable analysis has 
provided a feature selection by disregarding unnecessary features that carry similar 
information. 
The final evaluation portion of the process has been accomplished by performing 
the recursive feature elimination (RFE) of the partial discharge diagnostic features that 
are the result of the initial cluster variable analysis. The RFE has provided a tool for 
ranking the partial discharge diagnostic features by taking into account the classification 
potential of each diagnostic feature compared to others. 
Results from the analysis and evaluation process of both partial discharge 
diagnostic features from laboratory and field data reveal that different types of diagnostic 
features have to be used in order to achieve an appropriate level of dissimilarity between 
features and good classification performance between the cable and accessory groups. 
The types of partial discharge diagnostic features include test voltage, test voltage 
polarity, discharge magnitude, discharge energy, discharge phase, discharge repetition 




CONCLUSIONS, CONTRIBUTIONS, AND RECOMMENDATIONS 
FOR FUTURE WORK 
8.1 Summary and Conclusions 
In the United States, electric power distribution relies on a vast network of 
underground medium voltage power cable systems. The systems have a finite life span, 
and at some point utility engineers must decide when to replace parts of a cable system in 
order to avoid unexpected failures and the associated costumer outages as much as 
possible. In the past, corrective maintenance was typically used, i.e. components were 
replaced after failure. However, the present era of de-regularization of the electrical 
energy market has forced utilities to refocus their attention on the reliability of the power 
systems and thus the aging distribution power cable system infrastructure, while at the 
same time reducing maintenance costs as much as possible. Matters are further 
complicated by the ever increasing need for electrical energy, pushing the cable systems 
to their design limits. 
Consequently, utilities are interested in accurately determining the condition of 
the power cable systems, and ultimately their expected remaining life span, before 
initiating permanent maintenance and replacement test programs. The correct application 
of condition based maintenance strategies can avoid unexpected outages and ultimately 
result in substantial savings for utilities. This requires the use of dependable cable 
diagnostic technologies. Nevertheless, while several cable diagnostic technologies are 
available, they have not yet been fully employed across the United States because utilities 
do not completely trust their assessments. This is not a simple problem to overcome since 
it requires a complete understanding of the diagnostic technologies as well as how to best 
use them. 
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The purpose of this research is therefore to advance the field of characterization 
of power cable defects by addressing a number of theoretical and practical diagnostic 
measurements, their interpretation, and deployment issues. The most widely used 
diagnostic measurements in the United States are dissipation factor (Tan δ) and partial 
discharge measurements; this is the main reason why they are the main focus of the 
research. This thesis has two major parts, the first part (Chapters 3 to 5) has been devoted 
to the work on Tan δ  measurements (mainly at very low frequency of 0.1 Hz) and the 
second part (Chapters 6 and 7) has been devoted to the work on partial discharge 
measurements at power frequency of 60 Hz. The discussion and conclusions in both parts 
have been based on data from laboratory experiments and field tests of medium voltage 
(MV) underground distribution power cable systems and their components.  
Chapter 1 has presented the background, problem statement, objective, and 
structure of the thesis. 
Chapter 2 has introduced the basic concepts of power cable systems and their 
diagnostics required for understanding of this theses. The basic structure and accessories 
of power cable systems have been explained. In addition, aging, degradation, and 
breakdown mechanisms have also been presented. Finally, the Chapter has briefly 
presented an overview of power cable diagnostics technologies. 
Chapter 3 has presented the basic concepts, means of diagnosis, limitations of Tan 
δ measurements, and a comprehensive literature review. Chapter 3 has also discussed a 
number of issues that arise when using Tan δ measurements at very low frequency (VLF) 
to characterize the insulation of non-aged and field-aged MV cables. The discussion has 
been based on data from laboratory experiments that consider time dependence, voltage 
dependence, and discharge time dependence tests for different test protocols. Results 
have indicated that there are a number of useful diagnostic features that can be used to 
characterize each sample. The features include Tan δ values, Tip-Ups (changes in the Tan 
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δ magnitude with the increasing test voltage), hysteresis, and most importantly, the 
scatter in the measurements for a particular test voltage level. The test protocols have 
enable a study of the correlation between Tan δ values at different frequencies of 0.1 Hz 
and 60 Hz. In this case, results have shown that there is not a perfect correlation; 
however, there is some correlation that could be useful in translating diagnostic criteria 
from one frequency to the other. 
The Chapter has also presented results of Tan δ measurements from field tests. 
Results have provided for a reevaluation of Tan δ diagnostic criteria in two ways. First, 
results have indicated that existing values for diagnostic criteria are probably too 
conservative for American cable designs. Secondly, results have also shown that it is 
possible to map diagnostics criteria to lower test voltages, thereby reducing the risk of 
failure under test while maintaining criteria assessment.  
In conclusion, Chapter 3 has shown that higher insulation losses, nonlinearities 
with voltage, hysteresis, and variation in voltage and time of Tan δ diagnostic 
measurements at VLF, are indicators that could be used to properly characterize the 
insulation and enhance the diagnosis. However most importantly, Tan δ can be 
considered a feature rich diagnostic tool when testing is performed in an appropriate way 
and data are analyzed correctly.  
Chapter 4 has presented a laboratory test program conducted to investigate the 
correlation between Tan δ diagnostic features and the VLF breakdown performance for 
MV XLPE cables. The Tan δ diagnostic features have included the mean Tan δ 
magnitude, the Tip-Up, and the scatter in the Tan δ measurements for a particular test 
voltage level. The test program has included Tan δ measurements at different voltage 
levels and subsequent VLF extended-step withstand test to breakdown. It has been found 
that there is a correlation between the Tan δ diagnostics features and the VLF breakdown 
performance. This is important in the sense that the correlation between the Tan δ 
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diagnostic features and the breakdown performance has only been previously established 
for impulse and AC breakdown voltages and mainly considering the Tan δ magnitude as 
diagnostic feature. Results have shown that in general the VLF breakdown performance 
is the lowest when compared to impulse and AC. 
More importantly, Chapter 4 has introduced the use of a new diagnostic feature 
that takes into account the scatter in the Tan δ measurements for a particular test voltage 
level. More scatter in the measurements implies a lower VLF breakdown voltage. The 
Chapter has also introduced the application of a new method called performance ranking. 
This method has been able to quantitatively evaluate the correlation between each 
diagnostic feature and the breakdown performance. Results indicate that the scatter in the 
measurements is the feature most correlated with the breakdown performance for the 
cable population under study. 
Further investigations such as Weibull breakdown performance and time-voltage 
analysis have also been presented in Chapter 4. The Weibull breakdown performance 
results have allowed for evaluation of the risk of failure during testing. This is the first 
time in which this risk has been evaluated. It has been observed that; a considerable 
reduction of one order of magnitude in the risk of failure occurs when the test voltage is 
reduced from twice to once the rated phase-to-ground voltage. 
Failure site and hot-oil examinations have also been performed. The failure site 
examination test has not revealed the cause of failure for any of the samples. 
Nevertheless, the hot-oil examination has shown that most of the samples have water-tree 
sites and other irregularities. Therefore, the possible cause of failure has been more likely 
to be a water-tree related failure mechanism. 
Chapter 5 has presented the basics of low voltage time domain reflectometry 
(TDR) test on power cables. Because of its ease of use, cost, and simplicity in 
indentifying power cable systems configuration and basic problems with neutral wires, 
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the TDR test has been proposed and used as one of the initial steps for any cable 
condition assessment in the field. The Chapter has also presented the Tan δ versus length 
models. The most common situations of non-uniform degradation and neutral issues have 
been modeled and demonstrated through both theory and experiments. It has been shown 
that both situations, rather than limitations, provide useful diagnostic indicators that aid 
an enhanced condition assessment.  
More importantly, Chapter 5 has introduced a new approach for condition 
assessment of MV polyethylene (PE) based power cable systems. The approach considers 
the use of combined diagnostics, which include time domain reflectometry (TDR), VLF-
Tan δ, and VLF-Tan δ monitored withstand. The approach is executed by an evaluation 
procedure that uses diagnostic features management with feature categorization and 
decision organization. The evaluation process constitutes a step forward to the currently 
condition assessment approach presented in the American standards. 
Chapter 6 has introduced the basic concepts, means of diagnosis, and limitations 
of partial discharge measurements. Brief descriptions of the available partial discharge 
data, feature extraction, and classification tools, have also been introduced. A 
comprehensive literature review on the “state of the art” on characterization of defects by 
partial discharge measurements has been presented.  
Moreover, Chapter 6 has described and briefly analyzed laboratory and field 
partial discharge data that are the basis for the analysis and evaluation process of partial 
discharge diagnostic features presented in Chapter 7. The data are based on the phase-
resolved partial discharge pattern and are classified into two groups, i.e. partial discharge 
in cable and partial discharge in accessory. The laboratory partial discharge data have 
been measured by the author while the data from partial discharge field tests have been 
provided to the author by one of the utility participants of the CDFI project. 
Chapter 7 has presented a process for analysis and evaluation of partial discharge 
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diagnostic features. The process has enabled the selection of the most relevant diagnostic 
features when the partial discharge data is considered into groups of cable and accessory. 
The process is divided into two portions, i.e. an initial analysis and a final evaluation. 
The initial analysis portion of the process has taken advantage of the hierarchical 
structure and taxonomy of the partial discharge diagnostic features by performing a 
cluster variable analysis of the diagnostic features. The cluster variable analysis has 
provided a feature selection by disregarding unnecessary features that carry similar 
information. The second evaluation portion of the process has been accomplished by 
performing the recursive feature elimination (RFE) of the partial discharge diagnostic 
features that are the result of the first cluster variable analysis. The RFE has provided a 
tool for ranking the partial discharge diagnostic features by taking into account the 
classification potential of each diagnostic feature compared to others. 
Results from the analysis and evaluation process, of both partial discharge 
diagnostic features from laboratory and field data, have revealed that different types of 
diagnostic features have to be used in order to achieve an appropriate level of 
dissimilarity between features and good classification performance between the cable and 
accessory groups. The types of partial discharge diagnostic features include test voltage, 
test voltage polarity, discharge magnitude, discharge energy, discharge phase, discharge 
repetition rates, and discharge symmetries. 
8.2 Contributions 
The main contributions of this research in the field of power cable diagnostics are 
summarized as follows: 
• Deployment of Tan δ diagnostic features: An elaborate step-by-step 
approach is presented (Chapter 5) for condition assessment of MV PE-based 
power cable systems. The approach considers the use of combined 
diagnostics; the combination includes TDR, VLF-Tan δ, and VLF-Tan δ 
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monitored withstand. The approach is executed by an evaluation procedure 
that uses diagnostic features management with feature categorization and 
decision organization. The evaluation process constitutes a step forward to the 
currently condition assessment approach presented in the American standards. 
• Analysis and evaluation of partial discharge diagnostic features: A 
process which is able to determine a suitable set of partial discharge 
diagnostic features (Chapter 7) that could enhance the classification and 
diagnostics of power cable systems. The process takes advantage of the 
hierarchical structure and taxonomy of the partial discharge diagnostic 
features as well as their classification potential. The process is divided into 
two portions, an initial analysis and a final evaluation. The analysis is 
accomplished by performing the cluster variable analysis and the evaluation is 
accomplished by performing the recursive feature elimination (RFE) of the 
partial discharge diagnostic features that are based on the phase-resolved data 
pattern. 
• Tan δ feature richness: It has been shown (Chapter 3) that higher insulation 
losses, nonlinearities with voltage, hysteresis, and variation in voltage and 
time of Tan δ diagnostic measurements at VLF, are indicators that could be 
used to properly characterize the insulation and enhance the condition 
assessment of MV power cable systems. More importantly, Tan δ can be 
considered a feature rich diagnostic tool when testing is performed in an 
appropriate way and data are analyzed correctly. 
• Tan δ and VLF breakdown: The correlation (Chapter 4) between Tan δ 
diagnostic features such as Tan δ magnitude, Tip-Up, and scatter in the 
measurements with the breakdown performance at VLF, has been established. 
• Effect of length on Tan δ: Development, simulation, experimentation, 
 239
verification, and identification of diagnostic indicators of Tan δ versus cable 
system length models (Chapter 5) considering the most common situations 
such as non-uniform degradation and neutral issues, have been presented. 
• Tan δ diagnostic criteria: The reevaluation (Chapter 3) of Tan δ diagnostic 
criteria in two ways has been introduced. First, existing values for diagnostic 
criteria are too conservative for the American cable designs. Second, it is 
possible to map diagnostic criteria to lower test voltages, thereby reducing the 
risk of failure under test while maintaining the accuracy of the condition 
assessment. 
• Literature review: A comprehensive literature survey (Chapter 2) on power 
cables systems including components, aging, degradation, and breakdown 
mechanisms as well as the fundamentals for diagnostic testing technologies, 
has been presented. 
Moreover, other contributions of the research work reported in this thesis have 
been classified as contributions to papers, industry, standards, and patents. They are as 
follows: 
8.2.1 Contributions to Papers 
A poster titled “Classification and Identification of Real Cable Insulation Defects 
by Partial Discharge Measurements” has been presented at the IEEE Power Engineering 
Society (PES) General Meeting in June 2006 in Montreal, Canada. This poster was 
awarded second place in the IEEE-PES Student Poster Contest.  
In addition, as a result of the research presented in Chapter 3, a paper titled 
“Practical Issues Regarding the Use of Dielectric Measurements to Diagnose the Service 
Health of MV Cables” was accepted and presented at the 7th International Conference on 
Insulated Power Cables 2007 (JICABLE’07) in June 2007, Paris, France [97].  
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The research presented in Chapter 3 has also been published as a conference and a 
journal papers. The conference paper titled “Validation of the Accuracy of Practical 
Diagnostic Tests for Power Equipment” has been presented at the Conseil International 
des Grands Reseaux Électriques (CIGRÉ) in August 2008 in Paris, France [59]. This 
paper was selected between the top 10 United States papers allowed to be present at the 
conference. The transaction paper titled “Characterization of Ageing for MV Power 
Cables Using Low Frequency Tan δ Diagnostic Measurements” is under review for 
publication in the IEEE Transactions on Dielectrics and Electrical Insulation [98]. 
Based on the research on Chapter 4, a paper titled “Correlation between Tan δ 
Diagnostic Measurements and Breakdown Performance at VLF for MV XLPE Cables” is 
also under review for publication in the IEEE Transactions on Dielectrics and Electrical 
Insulation [52]. 
Part of the research presented in Chapters 6 and 7 is contained in a paper titled 
“Determining Routes for the Analysis of Partial Discharge Signals Derived from the 
Field” has been accepted for journal publication in the IEEE Transactions on Dielectrics 
and Electrical Insulation Special Issue on Partial Discharge Measurements [89]. 
8.2.2 Contributions to Industry 
A presentation titled “Defect Classification by Partial Discharge Measurements” 
has been presented at the NEETRAC Cable Diagnostics Focus Initiative Project (CDFI) 
Update Meeting in May 2006, Atlanta, Georgia. 
The literature review of Chapter 2 contributed to the development of a handbook 
on cable diagnosis titled “Overview of Cable System Diagnostic Technologies and 
Applications.” The handbook was published by NEETRAC in December 2006, Atlanta, 
Georgia. 
Three presentations titled “Laboratory Studies using VLF Tanδ Techniques,” 
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“Tanδ evaluations in the Field,” and “Partial Discharge (PD) Evaluations in the Field,” 
have been presented at the NEETRAC Cable Diagnostics Focus Initiative Project (CDFI) 
Update Meeting in February 2007, Atlanta, Georgia. 
Three presentations titled “Analysis of Tan δ,” “Laboratory Studies of Partial 
Discharge in Cables and Joints,” and “CDFI Field Tests 2007-2008,” have been 
presented at the NEETRAC Cable Diagnostics Focus Initiative Project (CDFI) Update 
Meeting in February 2008, Atlanta, Georgia. 
8.2.3 Contributions to Standards 
A paper titled “Reflections on ‘First Experiences’ with IEEE 400,” has been 
presented at the IEEE Insulated Conductors Committee (ICC) Fall – 2006 Meeting, WG 
C – 18, in October 2006, St. Petersburg, Florida. 
At the present, the author is participating in the review and rewriting process of 
the IEEE Std. 400.2, which is titled “IEEE Guide for Field Testing of Shielded Power 
Cable Systems Using Very Low Frequency (VLF).” 
8.2.4 Contribution to Patents 
A provisional patent application titled “Methods to Determine Alternate Success 
Criteria for Field Testing of Underground Cable Systems Using Dielectric 
Measurements” has been filed with the Georgia Tech Research Corporation in February 
2007, Atlanta, Georgia. 
8.3 Recommendations for Future Work 
The ultimate goals of using power cable diagnostic technologies are to improve 
the overall reliability of the power distribution network system, reduce maintenance cost, 
and avoid undesirable service failures that inevitably lead to costumer outages. Although 
this thesis has presented contributions to various areas that are important to reach these 
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goals, there are still several interesting future research directions, which could build on 
the findings of this thesis. The more important of these directions are as follows: 
• Other insulation materials: The work presented in this thesis regarding the 
characterization using Tan δ measurements has only considered field-aged 
cross-linked (XLPE) cable samples. Thus, the characterization could be 
expanded by considering field-aged cable samples with other type of 
insulation materials, i.e. ethylene propylene rubber (EPR) and paper 
insulations. Particularly, the correlation between the Tan δ diagnostic features 
and some kind of breakdown performance could also be considered as a 
valuable future work for these insulation materials. 
• Other very low frequencies: The characterization and correlation between 
the Tan δ diagnostic features and the VLF breakdown performance has only 
been performed for 0.1 Hz, which is the most typical value used in field 
testing applications. However, frequencies as low as 0.01 Hz could also be 
used. In this case, the characterization and correlation at those lower 
frequencies could also be useful for improving the condition assessment of 
MV power cable systems using Tan δ measurements. 
• Dielectric response: Different Tan δ characteristic responses for different 
field-aged cable samples have been observed during the course of this work. 
However, even though models are proposed [12], the origin of the dielectric 
response is not yet fully understood. More understanding of what physical 
processes cause the responses will provide valuable information for improving 
condition assessment criteria. 
• Additional partial discharge diagnostic features: In the analysis and 
evaluation of partial discharge diagnostic features, the analysis has been based 
in features obtained from the phase-resolved data pattern. Partial discharge 
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diagnostic features from partial discharge time-resolved data and data without 
phase or time information may also be considered in the analysis and 
evaluation process. Another important observation is that this work has only 
considered diagnostic features for which a physical basis can be described. 
Work in other areas has shown that more abstract and potentially useful 
features can be derived from techniques such as principal component analysis. 
Therefore, the analysis and evaluation of these more abstract features may aid 
the classification.  
• Partial discharge classification groups: The partial discharge diagnostic 
features analysis and evaluation process presented here has divided all the 
partial discharge data into groups of either cables or accessories. The next step 
will be to extend the study by using classifications in terms of test voltage, 
physical process, or service performance (fail and no fail groups). This next 
step may also include the recursive feature elimination evaluation process 
using a support vector machine (SVM) classifier with a non-linear kernel.  
• Optimization of partial discharge diagnostic features: Once the features 
ranks have been established, with linear or non-linear kernel for the SVM, an 
optimization problem can be formulated. The objective of the optimization 
problem would be to find from a final set of partial discharge diagnostic 
features which combination of them provides the largest potential for the 
classification. 
• Tan δ and partial discharge interaction: the Tan δ magnitude can be 
affected by the presence of partial discharges. The mechanisms of how partial 
discharges affect either the true Tan δ magnitude or its measurement are still 
not completely understood especially for extruded insulation power cable 
systems. If there is any interaction between Tan δ and partial discharge, it 
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would be valuable to have a method or model to separate these two 
mechanisms since a correct diagnosis will require the information regarding 





MODELING OF EQUIVALENT TAN δ AS A FUNCTION OF 
LENGTH FOR NON-UNIFORM DEGRADATION 
To model the equivalent Tan δ as a function of length for a cable segment with 
non-uniform degradation, the healthy and aged portions of the cable segment are 
considered separately. Specifically, the approach is to model each portion by itself 
considering the proper set of parameters, i.e. insulation resistance and capacitance, that 
result in the corresponding Tan δ magnitude and connecting the separate models in 




Figure A.1. Model for non-uniform degradation. 
 
In Figure A.1, the parameters R1 and C1 represent the healthy portion and the 
parameters R2 and C2 represent the aged portion of the cable segment respectively. The 
healthy and aged portions are connected in parallel. The main goal is to find a 
mathematical model that relates the equivalent Tan δ, as it would be seen by the 
measurement equipment, with the Tan δ magnitudes of the healthy and aged portions and 
cable segment length. 
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As mentioned in Chapter 5, the assumption here is that the aged portion of the 
cable segment has a higher Tan δ magnitude as compared to the healthy portion of the 
cable segment. No neutral issues are considered in the model; i.e. if the cable segment 
under evaluation is unjacketed; then, the insulation shield has low volume resistivity, 
there is a good contact between the insulation shield and neutral wires, and the neutral 
wires are not corroded to any extent. The followed procedure in finding the model is 
shown in the next paragraphs. 
Tan δ1 and Tan δ2 are defined as the Tan δ magnitudes of the healthy and aged 
portions of the cable segment respectively. In Figure A.1, Tan δ1 and Tan δ2 as a function 














=      (b), 
(A.1)
where, 
Tan δ1: Tan δ of the healthy portion of the cable segment, 
ω: Angular frequency in rad/s, 
R1: Insulation resistance of the healthy portion of the cable segment in Ω, 
C1: Insulation capacitance of the healthy portion of the cable segment in F, 
Tan δ2: Tan δ of the aged portion of the cable segment, 
R2: Insulation resistance of the aged portion of the cable segment in Ω, 
C2: Insulation capacitance of the aged portion of the cable segment in F, 
Tan δ: Equivalent Tan δ for both healthy and aged portions of the cable segment. 










Re: Insulation equivalent resistance of the healthy and aged portions of the cable 
segment in Ω, 
Ce: Insulation equivalent capacitance of the healthy and aged portions of the cable 
segment in F. 
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1 2eC C C= +      (b). 
(A.3)
Substituting equations (A.3)(a) and (A.3)(b) into equation (A.2), the equivalent 
Tan δ as a function of the healthy and aged model parameters is as follows, 
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Equation (A.4) can be rewritten as, 
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Then, considering Tan δ1 and Tan δ2 from equation (A.1), equation (A.5) 
becomes, 
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Therefore, from equation (A.6), the equivalent Tan δ is as follows, 
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Γ =  (e),     1 2L L L= +  (f), 
(A.8)
where, 
r1: Insulation resistance per-unit length of the healthy portion of the cable segment 
in Ω-ft, 
L1: Length of the healthy portion of the cable segment in ft, 
r2 : Insulation resistance per-unit length of the aged portion of the cable segment 
in Ω-ft, 
L2: Length of the aged portion of the cable segment in ft, 
c1: Insulation capacitance per-unit length of the healthy portion of the cable 
segment in F/m, 
c2: Insulation capacitance per-unit length of the aged portion of the cable segment 
in F/m, 
Γ: Ratio between L1 and L2, 
L: Total cable segment length in ft. 
Then, equation (A.7) can be rewritten as follows, 
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, in terms of Tan δ1     (a), 
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, in terms of Tan δ2     (b). 
(A.9)















=      (b). 
(A.10)
If the cable geometry and electrical permittivity between the healthy and aged 
portions of the cable system are assumed equal; then, the insulation capacitance per-unit 
length of the healthy portion of the cable segment (c1) is identical to the insulation 
capacitance per-unit length of the aged portion of the cable segment (c2). The electrical 
permittivity between the healthy and aged portions of the cable segment can be assumed 
to be equal since it has been shown for water-tree degradation [13] that this intrinsic 
parameter of insulation material only changes marginally between the healthy and the 
aged portions of the cable segment. Therefore, the ratio between Tan δ1 and Tan δ2 is as 
follows, 
1 2 2 2
2 1 1 1
Tan r c r
Tan r c r
δ ω
δ ω
= = . (A.11)
Substituting equation (A.11) into equation (A.9)(a) or (A.9)(b), the equivalent Tan 
δ as a function of the length ratio is as follows, 
2 1
1
Tan TanTan δ δδ + Γ=
+ Γ
. (A.12)
The equivalent Tan δ as a function of length can be obtained by substituting 






δ δ δ= Δ +      (a), 
2 1Tan Tan Tanδ δ δΔ = −      (b). 
(A.13)
If the equivalent Tan δ is much larger than the Tan δ of the healthy portion of the 
 250
cable segment (Tan δ1), i.e. if Tan δ>> Tan δ1, then equation (A.13) becomes, 
2LTan Tan
L
δ δ= Δ      (a), 
2Tan Tanδ δΔ =      (b). 
(A.14)
The equivalent Tan δ as a function of length in a log-log scale is shown in 
equation (A.15), 




Figure A.2. Illustration of equivalent Tan δ as a function of length on a log-log scale. 
 
 
Figure A.2 shows the equivalent Tan δ as a function of length as an illustration of 
equation (A.15). As seen in Figure A.2, when the equivalent Tan δ as a function of length 
is plotted in a log-log scale, then the equivalent Tan δ follows a linear model in length. 
The initial value of the equivalent Tan δ, i.e. when L=L2, is Tan δ2. As the length 
increases the equivalent Tan δ decreases. The point A in Figure A.2, represents the case 
of a match between the model and the actual cable system configuration. A point below 
the line, point B, represents the case of a shorter portion of aged cable or a lower actual 
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Tan δ2 value than the value used in the model. Finally, a point above the line, point C, 
represents a longer portion of aged cable or a higher actual Tan δ2 value than the value 





MODELING OF NEUTRAL ISSUES 
To model the neutral issues, a quadruple model, or two-port network, per-unit 
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Figure B.1. Neutral issues quadrupole model per-unit length. 
 
In Figure B.1, the model variables and parameters are described as follows, 
vin(t): Input quadrupole voltage in V, 
iin(t): Input quadrupole current in A, 
vout(t): Output quadrupole voltage in V, 
iout(t): Output quadrupole current in A, 
ri: Insulation resistance per-unit length in Ω-ft, 
ci: Insulation capacitance per-unit length in F/ft, 
rx: Contact resistance between the insulation shield and neutral wires in Ω-ft, 
ry: Neutral wires resistance in Ω/ft. 
If neutral issues are not present, then the parameters rx and ry in Figure B.1 would 
be zero. To establish the relationship between the input and output variables, the 
quadrupole model in Figure B.1 is transformed to the frequency domain using the 
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Laplace transformation. The quadrupole model in frequency domain is shown in Figure 
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Figure B.2. Neutral issues quadrupole model per-unit length in frequency domain. 
 
 
The quadrupole in Figure B.2 can be represented as a generalized quadrupole 
model as seen in Figure B.3. In Figure B.3, Xin is defined as the input variable vector, Xout 









The relationship between Xin, Xout, and M is given by equation (B.1) as follows, 
out inX M X= . (B.1)
As seen in equation (B.1), the forward transfer function matrix M expresses the 
relationship between the input and output variable vectors. In particular, to obtain the 
output variable vector, the input variable vector is multiplied by the forward transfer 
function matrix. 
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(B.2)
And the forward transfer function matrix is given by, 
2( ) (2 2 ) ( )1
1 ( )
y i x y x i i i x y y x y y i i
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⎡ ⎤+ + + + − + + − +
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. (B.3)
In addition, Figure B.4 shows the case of two generalized quadrupole models 
connected in cascade with different transfer function matrices. 
 
 




The relationship between the input and output variable vectors for quadrupoles 1 
and 2 is as follows, 
,1 1 ,1out inX M X=      (a), 
,2 2 ,2out inX M X=      (b). 
(B.4)
But, because of the cascade connection, Xin,2 is equal to Xout,1; therefore, the 
relationship between Xin,1 and Xout,2 is as follows, 
,2 2 1 ,1out inX M M X= . (B.5)
In the most general case, if n quadrupole models are cascade connected, as shown 
in Figure B.5; then, the overall input variable vector is defined as the input vector of the 
first quadrupole model (Xin,1) and the overall output variable vector is defined as the 
output vector of the last quadrupole model (Xout,n). By following the same procedure, 
starting from the last quadrupole model and back to the first quadrupole model, as the 
procedure used to find equation (B.5), the relationship between the overall input and 
output variable vectors for the equivalent system, i.e. considering all quadrupole models 
connected in cascade, is as follows, 
 






Figure B.5. A number of n quadrupole models connected in cascade. 
 
 
If the n quadropole models have the same circuit configuration, then all the 
forward transfer function matrices are equal; thus, equation (B.6) becomes, 
, ,1
n
out n inX M X= . (B.7)
In equation (B.7), M n represents the equivalent forward transfer function of the 
equivalent system. The equivalent system is defined here as a generalized quadrupole 
model with forward transfer function M n that represents all the individual quadrupole 
models connected in cascade.  
From equation (B.7), the overall input variable vector can be expressed in terms 
of the overall output variable vector as follows,  
,1 ,
n
in out nX M X
−= . (B.8)
If the inverse of the overall equivalent forward transfer function matrix is defined 
as shown in equation (B.9), 
n A BM
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Therefore, if the output current is zero (Iout,n = 0), the input variables are, 
,1 ,in out nV AV=      (a), 
,1 ,in out nI CV=      (b). 
(B.11)








= = . (B.12)
Using the equivalent input impedance (Zin), the equivalent Tan δ for the system 
quadrupoles connected in cascade can be computed as shown in equation (B.13), 
tan( / 2 )inTan Zδ π= − ∠ . (B.13)
A similar procedure can be followed for any system configuration, i.e. once the 
overall equivalent forward transfer function matrix is determined and the total output 
current is assumed to be zero, the equivalent Tan δ can be determined by equation (B.13) 
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